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Abstract 
 
Factors affecting performance in elite finger spin bowling 
Liam Sanders, Loughborough University 
Full-body three-dimensional kinematics, passive joint range of motion and bowling 
parameters from match play were calculated to enable the analysis of elite finger spin 
bowling technique and delivery mechanics. Specifically, the effect of kinematic 
parameters and passive joint range of motion contributing to the production of spin were 
examined whilst ball trajectory parameters in international test match cricket were 
assessed and the extent to which these parameters may impact match performance. 
Kinematic and passive range of motion data were collected for a group of 23 elite finger 
spin bowlers, describing elements of finger spin bowling technique with the effect of 
these parameters on ball spin rate addressed using linear regression. Ball trajectory data 
were collected using a Hawk-eye™ ball tracking system for 36 elite finger spin bowlers 
competing in international test match cricket between 2006 – 2015. Parameters were 
calculated describing elements of ball trajectory with the effect of these parameters on 
bowling average and economy addressed using linear regression. Kinematic analysis 
suggests the bowlers imparting the most spin adopted a mid-way pelvis orientation angle, 
a larger pelvis-shoulder separation angle and a shoulder orientation short of side-on at 
FFC. The orientation of the pelvis at FFC was shown to be the most important technique 
parameter explaining 43.1% of the variance in ball spin rate. Higher ball spin rates were 
also associated with a larger internal rotation of the rear hip and bowling shoulder, whilst 
the total arc of rotation of the non-dominant hip (front leg) was found to be the best 
predictor of ball spin rate, explaining 26% of the observed variance in spin rate.  Side to 
side differences were also observed with greater external rotation and lesser internal 
rotation in the bowling shoulder, and greater internal rotation in the non-dominant hip. 
Linear regressions of bowling parameters in test match competition revealed bowling 
length, bowing line and release velocity as the biggest predictors of bowling economy, 
predicting 54.4% of the observed variance. Findings suggest bowlers conceding the least 
runs released the ball at higher ball release speeds, bowled straight bowling lines and 
pitched the ball 4 – 5m in length. Whilst no parameters were predictive of bowling 
average, results indicate that deliveries deviating away from the opposing batsman 
concede less runs and takes more wickets, when compared to deviating toward.  
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Chapter 1  
 
1 Introduction 
 
1.1 Chapter overview 
 
This report will provide details of the motivation for this thesis and an outline of the 
previous research conducted in this area. The purpose of the study is explained, and 
research questions are posed with reference to the literature.  
 
1.2 Area of study 
 
Cricket is a sport involving of two opposing teams which are made of 11 players per side 
in play at any one time. A ‘12th man’ is named within the team, however undertaking a 
reserve role in the case of player injury. A team is made up of players undertaking four 
primary roles, these include batsman, bowlers, a wicket-keeper and all-rounders. Match 
play is classified into the three existing formats of the game. Test cricket is played over 
a time span of five days, whilst One Day Internationals (ODI’s) and Twenty-Twenty 
(T20) cricket comprising of 50 and 20 overs per side respectively. The foremost 
difference between these different forms of match play is that in test/first class matches, 
each team is permitted two opportunities to bat (referred to as an innings).  
 
During match play, one team bats while the other fields, reversing roles at the end of the 
innings. To be successful in match play, the winning team amasses more runs than their 
opponent, whilst the objective of the fielding team is to minimise runs scored and ‘get 
the opposition batsman out’, a duty which is primarily the responsibility of the bowlers. 
Once a batsman is given out, the next batsman named within the team enters the field of 
play. A batsman may lose their wicket in variety of circumstances, these include bowled, 
caught, run-out, leg-before-wicket (LBW), stumped and the rarest form, hit wicket.  
The International Cricket Council (ICC), is the highest governing body responsible for 
organising major international tournaments (such as the ICC Cricket World Cup), 
sanctioning umpires, enforcing the laws of the game and ensuring that competition is 
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played with the spirit of the game. The compilation and updating for the laws of the game 
fall under the responsibility of the Marylebone Cricket Club (MCC).  
 
1.3 Cricket bowling 
 
Cricket bowling is a fundamental aspect of the game with players broadly categorised as 
displaying either a spin or fast bowling technique. Bowling is considered a highly 
complex and multifaceted skill, as this requires the co-ordinated actions of the upper and 
lower limbs to deliver a 156-163gram cricket ball toward an opposing batsman who is 
standing approximately 20.12 meters away, awaiting the oncoming delivery. 
Fundamentally, this skill differs to that of throwing, since bowlers are constrained to 
propel the ball via circumduction of the upper limb whilst limiting elbow extension 
between upper arm horizontal (UAH) and ball release (BR).  
 
Pace or fast bowling is a dynamic activity requiring bowlers to run-up and repeatedly 
deliver the ball at speeds reaching up to 100mph. Ball release speed is a key contributor 
to fast bowling success, thereby decreasing the time available to the batsman to decide 
upon and execute a stroke (Burden & Bartlett, 1990). Conversely, spin bowlers deliver 
the ball at significantly slower ball release speeds, as they apply various types of spin to 
the ball with the aim of deceiving the opposing batsman. The application of spin causes 
the ball to change the its trajectory during flight and deviate off the ground (Woolmer & 
Noakes, 2008).  
 
1.4 Study rationale 
 
The purpose for this research study is to understand the factors that contribute to 
performance in elite finger spin bowling. This program of work will aim to gain an 
understanding of the links between aspects of finger spin bowling technique and joint 
range of motion on the application of spin to the ball, whilst also examining discrete 
finger spin bowling parameters associated to success in international match play.  
 
Whilst previous research has identified key differences between bowling finger and wrist 
spin modalities (e.g. Beach et al., 2017), as well as between elite and non-elite groups 
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(e.g. Chin et al., 2009: Spratford et al., 2017), studies understanding the mechanisms that 
underpin the production of spin are scarce. Some have compared elite and non-elite 
groups reporting orientations as more side-on at back foot impact, greater elbow 
extension and larger pelvis and shoulder rotations between back foot contact and ball 
release (e.g. Chin et al., 2009). Others analysing club level bowlers suggesting maximum 
rear hip flexion velocity and rotation of the pelvis as a key contributor to the production 
of spin (Beach et al., 2018). Given the paucity of previous studies in this field, particularly 
within elite groups, there is currently little consensus regarding the effect of these 
elements of technique on spin rate in elite finger spin bowlers.  
 
Furthermore, whilst a number of studies have investigated morphological, range of 
motion and strength relationships to performance in other overhead skills (e.g. Pedegana 
et al., 1982; Ellenbecker et al., 2007; 2002; Laudner et al., 2007; Wormgoor et al., 2010; 
Glazier et al., 2000; Stockill & Bartlett.,1994) and injury (e.g. Stuelcken et al., 2008,), 
the majority of the studies investigating passive joint range of motion in cricketers have 
been either descriptive or comparing shoulder range of motion in cohorts with and 
without shoulder pain (e.g. Aginsky et al., 2004; Giles & Musa, 2008; Stuelcken et al., 
2010; Sundaram et al., 2012; Green et al., 2013), with none examining elite finger spin 
bowlers. Although descriptive hip and shoulder passive range of motion data exists, not 
only for cricket but a range of overarm throws or striking skills, the relationship between 
passive hip and shoulder range of motion measures and performance remains relatively 
unknown.  
 
Currently a lack of academic studies undertaken from the scientific discipline of 
performance analysis and data analytics within match play in cricket. Recent examples 
addressing the shorter forms address the technical and tactical facets of the game (Clarke, 
1988; Preston & Thomas, 2000; Morley & Thomas, 2005; Najdan et al., 2014; 
Damodaran, 2006; Petersen et al., 2008). However, no studies to date have reported 
contributor’s success in international test match performance.  A greater understanding 
of these factors will allow cricket coaching and support staff to make informed decisions 
for either intervention strategies or player selection based around a fundamental, 
quantitative understanding of the factors affecting performance in elite finger spin 
bowling.  
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1.5 Statement of purpose 
 
Full-body three-dimensional kinematics, passive joint range of motion and match play 
specific ball flight parameters were calculated to enable the analysis of elite finger spin 
bowling technique and delivery mechanics. The output of the analysis will be 
implemented to investigate the effect of kinematic parameters and passive joint range of 
motion contributing to the production of spin. Ball trajectory parameters in international 
test match cricket will also be assessed and the extent to which these parameters may 
impact match performance by using correlation and regression analysis.  
 
1.6 Research questions 
 
 
1. Which technical parameters are associated with high spin rates in elite finger 
spin bowlers? 
Successful finger spin bowlers attempt to deviate the ball in the air and off the pitch to 
deceive the opposing batter. The magnitude of spin applied to the ball is considered a 
major contributor to finger spin bowling success. Although studies have identified 
individual aspects of finger spin bowling technique, none have considered the key 
kinematic parameters which contribute to higher spin rates in elite finger spin bowlers. 
The analysis undertaken will describe those features of bowling technique which best 
characterise the bowler’s indicative of imparting the highest magnitudes of spin to be 
identified and the underlying mechanics by which elite finger spin bowlers apply spin, 
be more thoroughly understood. 
 
2. What is the effect of traditional coaching instruction on ball spin rate in elite 
finger spin bowlers?  
Widely acknowledged coaching literature has suggested that the optimal technique for a 
finger spin bowler is one where the pelvis and shoulders rotate from a side-on position 
during the delivery stride, to front-on at ball release (Woolmer & Noakes, 2008).  In doing 
so, finger spin bowlers are instructed place the rear foot parallel to the popping crease, 
with the orientation of the pelvis and hips side-on to the target whilst remaining side-on 
at front foot contact. To date, no studies have considered whether this ‘traditional’ form 
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of coaching instruction, viewing athletic behaviour as measurable, causally derived and 
controllable, is constructive in bowlers producing high magnitudes of spin on the ball. 
The scrutiny undertaken will consider whether these coaching philosophies are 
appropriate or whether other forms of athletic skill development, such as constraints-
based learning, are beneficial to applying high magnitudes of spin.  
 
3. What is the effect of passive range of motion on ball spin rate in elite finger spin 
bowlers? 
Spin bowling is a high dynamic and complex skill. This skill involves the interaction of 
multiple joints and segments. While evidence of relationships between passive range of 
motion among athletes performing overheard tasks do exist, no previous studies have 
investigated associations between anthropometrics and range of motion and ball spin rate 
in elite finger spin bowlers. The analysis undertaken will allow the associations between 
range of motion and ball spin rate in elite finger spin bowlers to be investigated more 
thoroughly. 
 
4. Does release velocity affect performance for elite finger spin bowlers in test 
match cricket? 
Finger spin bowlers have been reported to release the ball at significantly lower release 
speeds than their fast bowing counterparts, instead deceiving a batsman through a 
combination of spin, flight and drift (Spratford & Davison. 2010). As such, a very strong 
emphasis has been placed on the importance of applying high magnitudes of spin to the 
ball. Spratford et al., (2017) previously reported that elite finger spin bowlers deliver the 
ball with a greater velocity/spin rate index, highlighting that increasing spin rates 
delivered by elite finger spin bowlers does not come at the detriment of ball speed. No 
study, however, has investigated the effect of ball release speed on parameters affecting 
success for elite finger spin bowlers, such as minimizing runs scored and taking wickets 
in test match cricket. The analysis undertaken will enable relationships between ball 
release speed and successful match performance be addressed and finger spin bowling 
performance be further understood.  
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5. Does the amount of ball deviation off the pitch surface affect performance in test 
match cricket? 
A key objective for any spin bowler, regardless of mode, is to impart high magnitudes of 
spin, as this determines the amount that the ball will potentially deviate in the air and 
deviation angle off the pitch (Daish, 1972). While previous studies have reported 
descriptive findings for ball deviation for a single wrist spin bowler in match play e.g. 
Justham et al. (2008), no studies to date have investigated the effect of deviation angle 
on bowling performance in test match cricket for elite finger spin bowlers. It is believed 
the analysis undertaken will allow the associations between ball deviation off the pitch in 
elite finger spin bowlers to be understood more thoroughly. 
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1.7 Chapter organisation 
 
Chapter 1 provides a general introduction of the research previously carried out. The 
chapter summarises a rationale for the research undertaken, forming an outline for why 
this research was conducted. The research questions are posed, definition of terms and 
limitations/delimitations of the study are also summarised. 
 
Chapter 2 provides a review of the research conducted into spin bowling in cricket. In 
addition, an overview of spin bowling terminology and bowling laws are provided. 
Research into the links between aspects of finger spin bowling technique and 
performance are discussed.  Bowling legality has been the prevalent in spin bowling 
research, these studies are discussed and reviewed. Magnus force is also addressed, 
examining the relationship between airflow, seam stability and performance in spin 
bowling. 
 
Chapter 3 describes the equipment and protocols used to collect the kinematic, kinetic 
and range of motion data. Details are provided regarding the participants, equipment 
used, and the specific data collected. The methods used to fill gaps in the kinematic data 
and the filtering performed are also explained. 
 
Chapter 4 outlines the key elements of the finger spin bowling action and provides 
details of the techniques used by the twenty-three subjects participating in this study.  
 
Chapter’s 5 – 7 are written in the form of papers and address the four research questions 
posed. Chapter 5 and 6 address questions 1 – 3, using linear regression to address 
relationships between ball spin rate and both finger spin bowling technique and passive 
joint range of motion. Chapter 7 addresses questions 4 and 5, considering whether 
delivery variables can explain the differences in bowling performance among elite finger 
spin bowlers in test match cricket by using ANOVA and linear regression analyses.  
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Chapter 8 reviews the practical application to spin bowling skill development and its 
impact on applied coaching, making reference to question 2. Current system dilemmas to 
developing spin bowling skill are addressed, with specific reference to the limitations of 
traditional skill development approaches. Specific consideration is made toward the use 
of a constraints-led approach under an Ecological Dynamic’s framework, relying on the 
manipulation of task constraints to allow the emergence of individual solutions through 
self-organising processes in learning. Further reference is made toward significant 
findings in earlier chapters with proposals put forward for how to integrate these findings 
into applied coaching 
 
Chapter 9 summarises the methods used in this study and identifies the limitations. The 
research questions posed in Chapter 1 are addressed and potential future studies are 
proposed. 
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1.8 Delimitations 
 
• Bowlers recruited in studies 1 and 2 had no current injuries which may alter 
their bowling action at the time of data collection. 
 
• Bowlers were selected for studies 1 and 2 are considered elite male standard. 
Each participant was either a member of the England men’s senior, Lions or 
U19 cricket team, or a current professional first-class county player and 
identified by the ECB spin bowling national coach as having the potential to 
play international cricket within the next 5 years. 
 
• The Hawkeye measurement system used in study 3 has been reported to 
measure to within 2.6mm of known distances (Collins & Evans 2011). 
 
• All subjects in study 1and 2 bowled with the same make and brand of cricket 
ball – Dukes Special County ‘A’ BSI-Grade 1, as used in test and professional 
county cricket within the United Kingdom.  
 
• All kinematic and passive range of motion testing for studies 1 and 2 was 
carried out at the same specialist indoor cricket facility (National Cricket 
Performance Centre, Loughborough) permitting testing conditions to be 
controlled throughout.  
 
• For studies 1, 2 and 3, bowlers utilising a bowling action by which the elbow 
extended greater than 15º elbow extension between upper arm horizontal and 
ball release were excluded from the analysis.  
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1.9 Limitations 
 
• The spin bowling deliveries recorded in Study 1 may not fully reflect deliveries 
bowled in match conditions due to the laboratory environment. The ecological 
validity of the testing was however considered, and testing conditions formed 
appropriately the closely align to match conditions accordingly.  
 
• The participant sample in studies 1 and 2 reflected the entire population of 
bowlers that would be considered elite male standard. Consequently, the 
findings may not apply to bowlers at differing levels of performance, bowlers 
from other playing nations or female finger spin bowling populations. 
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1.10 Definition of terms and abbreviations 
 
• Spin rate – the rate of spin applied to a cricket ball, measured in revolutions per 
min (rpm). 
• Finger spin - a delivery in which the fingers are primarily used to impart spin 
on the ball. 
• Wrist spin - a delivery in which the wrist and fingers are primarily used to 
impart spin on the ball. 
• Legside - the side to which the batsman’s legs are closer to whilst in their 
batting stance i.e. To the left of the batsman. It is also referred to as “onside”. 
• Offside - the opposing side to legside. 
• Off spin/off break - a delivery bowled by a finger spin bowler where the ball 
moves in towards the batsman after it has bounced. 
• Wrist spin/Leg-break - a delivery where the ball moves away from the 
batsman after it has bounced.  
• Doosra - a variation delivery used by the finger spin bowler, where the ball 
deviates in the opposite direction to that of the off-spin delivery once it has 
bounced. 
• Back foot contact (BFC) - the instance in which the back foot makes contact 
with the ground during the delivery stride. 
• Front foot contact (FFC) - the instance in which the front foot makes contact 
with the ground during the delivery stride. 
• Ball release (BR) - the instant of ball release was defined as the first image 
where the distance between the ball marker and the lower arm endpoint was 
greater than the measured distance from the static calibration ball release trial.  
• Follow through (FT) – the finishing position of the bowler once the delivery 
has been bowled. 
• Upper arm horizontal (UAH) - the instant of upper arm horizontal was defined 
as the first image during the delivery when the vertical location of the elbow 
joint centre was higher than the upper arm endpoint. 
• Illegal bowling action – utilising a bowling action by which the elbow extends 
greater than 15º between upper arm horizontal and ball release were excluded 
from analysis. 
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• Drift - the lateral deviation of the ball during flight. 
• Drop - the vertical deviation of the ball during flight.  
• Magnus force - generation of a force on a spinning ball or spherical solid 
immersed in a fluid, liquid or gas, when there is relative motion between the 
spinning body and the fluid. 
• Spin axis – the axis at which the ball spins, perpendicular to the seam of the 
ball. 
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Chapter 2 
 
2 Review of the literature 
 
2.1 Chapter overview 
 
In this chapter, spin bowling is reviewed with specific reference to spin bowling 
biomechanics, passive range of motion and performance analysis. Bowling legality of 
elite spin bowlers has been a of great interest amidst the international cricket community 
in the last 15 years, consequently this has been the focus of a number of previous 
published studies which are discussed further, with reference to bowling laws. Reported 
links between spin bowling technique, ball mechanics and performance are also 
discussed.  
 
2.2 Spin bowling 
 
Spin bowlers are sub-classified as finger-spin or wrist-spin. This is determined by the 
delivery mechanism at the end-point of the body’s kinetic chain responsible for imparting 
revolutions onto the ball, causing fundamental differences in resulting ball kinematics 
(Beach et al., 2016; 2018; Spratford & Davison, 2010; Spratford et al., 2018; Woolmer 
& Noakes 2008). A right-arm finger spin bowlers ‘standard’ delivery, known as the ‘off-
break’, deviates the ball towards the leg side of a right-handed batsman (i.e. from left to 
right, from the bowler’s perspective), whereas a right-arm wrist-spin bowler deviates the 
ball to the off side (i.e. from right to left), known as the ‘leg-break’ (Wilkins, 1997; 
Woolmer & Noakes, 2008). A spin bowler delivers the ball significantly slower than that 
of their fast bowling counterparts, whilst aiming to pitch the ball between 2 and 3 m in 
front of the opposing batting crease (Justham et al., 2010; Woolmer & Noakes, 2008). 
 
The spin bowler’s principal task is to deceive the opposing batsman. This is done so via 
1) controlling the ball via the lateral (drift) and vertical (drop) deflection in ball flight, 
combined with 2) deviation from the pitch after bounce (side-spin) (Wilkins, 1991; 
Woolmer & Noakes, 2008; Spratford et al., 2018), utilising a number of delivery 
variations; in addition to that of their ‘stock’ or standard delivery. The stock delivery of 
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the wrist spin bowler is the ‘leg break’, with three variations commonly employed: (a) 
the slider, which dips in the air and deviates less than the leg break; (b) the ‘googly’ or 
‘wrong’un’, which turns towards the right-handed batter’s leg side (when bowled from 
the right-handed bowler); the opposing direction to the leg-break; and (c) the ‘flipper’, 
which is a back-spinning delivery that continues on a straight trajectory rather than 
deviating laterally after contact with the pitch.  
 
The finger spin bowler’s delivery variations are determined by fluctuations in ball flight 
trajectory and release velocity of each delivery. A common variation is the known as the 
‘arm ball’, where the ball deviates in ball flight, away from the right-handed batsman and 
continuing along its original ball flight path, as opposed to deviating laterally on contact 
with the pitch. For further explanations of delivery types, see Figure 2.1. Finally, the 
‘doosra’ (translated as the ‘second’ or ‘other one’ in Hindi) is also delivered by the finger 
spin bowler. Here revolutions are imparted in the opposing direction to that of a stock 
delivery in an attempt to spin the ball in the opposite direction. Whilst deemed to be very 
effective in match play, the doosra is however rarely bowled within the professional game 
due to it being frequently linked to illegality within the cricket community (Chin et al., 
2009). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 - An example of the grip and flight trajectory of the four-main wrist spin and 
two finger spin bowling delivery variations: (a) the leg-break, (b) the slider, (c) the 
flipper, (d) the googly, (e) the off-break, (f) the arm-ball (Adapted from Justham et al., 
2010) 
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The position at which the bowler releases the ball can provide the batsman with 
information pertaining to the type of delivery being bowled. By varying the point of 
release, and using the width of the bowling crease, the bowler is able to use various angles 
of delivery to confuse an opposing batsman. The orientation of the ball at release and the 
speed and axis of spin during the initial flight of the ball also provides information 
pertaining to delivery type. This is of particular relevance when facing a spin bowler, 
whose delivery variations usually manifest themselves as variations in the ball’s spin axis 
relative to the position of the seam.  
 
The vertical launch angle of the ball from the bowler’s hand is an important piece of 
information when considering the ball’s pitching length; that is, a steep angle from the 
horizontal will usually denote a shorter pitching delivery than that of a shallower one. 
While several modes of delivery exist, irrespective of the type of bowler, the basic aspects 
of the bowling action are the same and can be broken down into five distinct phases: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 - Five key instants of the finger spin bowling action: a) the run up, (b) back 
foot contact (BFC); c) front foot contact (FFC); d) ball release (BR) and e) follow through 
(FT) 
 
(a) (b)  (d)  (c) (e) 
16 
 
. 
 
 
 
 
 
 
 
 
 
 
 
The run up: The approach to bowling crease which leads into the delivery stride. This 
involves a rhythmical, balanced approach of appropriate pace, angle and length; gradually 
building in momentum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Back foot contact (BFC): The delivery strides begins with the instance of back foot 
contact. The bowler lands with the back foot parallel to the bowling crease. The bowling 
arm in a low position with the opposing arm held high. The trunk leans back as the front 
arm is used to guide the delivery toward the target.  
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Front foot contact (FFC): As momentum builds in the delivery stride, the front foot lands 
pointing toward the opposing batsman. Weight is transferred from the back foot to the 
front foot. The bowling arm continues its downswing and is at approximately shoulder 
level as the opposing arm lowers and stretches out toward the direction of travel. 
 
 
 
 
 
 
 
 
 
 
 
 
Ball release (BR): Weight is transferred to the front foot and the head is level. The 
bowling arm is at the apex of the arc above the head and in line with the front foot. The 
bowler begins to pivot on the front foot over a braced limb. The opposing arm is pulled 
down to the side to increase momentum and propel the delivery in the direction of travel. 
The pelvis and shoulders are facing ‘chest-on’ to the opposing batsman. 
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The follow-through (FT): The body pivots on the front foot allowing the bowler to 
complete the delivery. The bowling arm follows a similar path to the front arm as the 
trunk flexes toward the direction of travel. The pelvis and shoulders rotate 180o assisted 
by a pivot motion of the front foot. The follow through continues for a few steps allowing 
the bowler to reduce his momentum and completing the delivery.  
 
2.3 Spin bowling biomechanics 
 
Sports biomechanics research has often been described as having two aims, which may 
be incompatible: 1) to enhance sports performance and 2) mitigate the risk of athlete 
injury, often by improving an athletes’ technique (Bartlett, 2007). This is done so through 
investigating existing or new athletic techniques through quantitative analysis in an 
attempt to establish predictors of skilful performance, whilst developing meaningful 
biomechanical models which incorporate these key mechanical principles (Feros et al., 
2017). Whilst there has been increased interest in spin bowling technique from a coaching 
perspective, the number of scientific studies focusing on the factors that contribute to 
proficient spin bowling performance, such as technique, has been somewhat limited. This 
absence of biomechanics specific research is puzzling, as the spin bowler is generally 
considered to be one of the most important members of a cricket team and potentially one 
of the most influential in determining the outcome of a cricket match across all forms of 
the game.  
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This scarcity in biomechanics focused research has required bowling coaches to rely on 
previous education/experience (Feltz et al, 1999; Cushion, Armour & Jones, 2003), or 
technical advice presented within cricket coaching manuals to inform their coaching 
practice (e.g. Woolmer & Noakes, 2008). In contrast, fast bowling research has gained 
far greater interest from biomechanics researchers and academics alike, particularly with 
regards to exploring the kinematic and kinetic associations to ball release speed (e.g. 
Burden & Bartlett., 1990; Ferdinands, Marshall, & Kersting, 2010; Glazier et al., 2000; 
Loram et al., 2005; Salter, Sinclair, & Portus, 2007; Wormgoor, Harden, & Mckinon, 
2010; Worthington, King, & Ranson, 2013; Felton et al., 2019),  
 
Much of the early research on spin bowling performance attempted to refine 
methodologies of defining elbow kinematics during the delivery phase with respect to 
bowling legality (e.g. Ferdinands & Kersting, 2007; Lloyd et al., 2000, Spratford et al., 
2018). More recently however, interest has turned toward furthering an understanding of 
ball kinematics in spin bowlers, with existing research reporting a combination of ball 
revolutions, ball speed and spin axis angles (e.g. Beach et al., 2014; Chin et al., 2009; 
Cork et al., 2013; Justham et al., 2010; 2008; Spratford & Davison, 2010; Spratford et 
al., 2017; Fuss et al., 2011; Fuss et al., 2018), as well as theoretical modelling studies on 
rotating spherical objects (e.g. Robinson & Robinson, 2013; 2016) and computationally 
complex approaches, such as inverse dynamics analyses (Ferdinands et al., 2001) used to 
examine energy transfers in the bowling action and the ball itself.  
 
Although some of the investigations published in the literature have provided some useful 
descriptive insights into the biomechanical factors that contribute to finger spin bowling 
performance (e.g. Beach et al., 2018; Chin et al., 2009, Ferdinands et al., 2001; Middleton 
et al., 2016; Spratford et al., 2018), and to a lesser extent in match play (Crowther et al., 
2018; Justham et al., 2008), the majority of published literature to date has concentrated 
on the comparative assessments between finger spin bowlers of differing performance 
levels i.e. pathway and elite (e.g. Spratford et al., 2017, Chin et al., 2009). Whilst it is 
important to appreciate these relationships, it could be argued that this research has not 
substantially enhanced knowledge within the discipline, whilst making a minor impact 
on improving or informing technical coaching practice (Glazier & Wheat, 2014) 
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Chin et al. (2009) compared finger spin bowling kinematics and ball flight mechanics 
across two groups of differing performance levels; elite (n = 6) and high performance 
(n=13). Comparisons were drawn across the bowler’s standard or stock finger-spin 
delivery and a bowling variation, known as a “doosra” (where the balls spin axis is the 
inverse of the stock delivery). Differences in both ball mechanics and kinematics were 
reported between groups, with the elite group producing both greater rates of spin and 
ball release speeds. The elite bowlers also displayed significantly greater side-on 
alignment of the pelvis and thorax at back foot contact (BFC) as well as greater pelvis 
and shoulder rotation than their high-performance counterparts and greater ranges of 
forearm rotation and elbow extension between UAH and BR. When compared with the 
off-break, the doosra was bowled using greater ranges of elbow and wrist extension as 
well as increased shoulder horizontal rotation. Bowlers also used a significantly longer 
bowling stride which formed a lower release height. The authors proposed that the 
increases in joint range at distal segments, namely elbow extension and forearm 
supination, displayed by the elite bowlers was may be associated with the observed 
increase in ball speed and ball spin rates.  
 
Spratford et al. (2017) sought to improve the knowledge base for three-dimensional ball 
kinematics for elite and pathway finger (n=36) and wrist spin bowlers (n=20), enabling 
performance measures that discriminate between both skill level and mode to be 
identified. When compared with pathway bowlers, elite finger spin bowlers delivered the 
ball at a greater release speeds and spin rates. Ball release speeds and spin axis elevation 
angles were similar to finger spin bowlers previously reported whilst ball spin rates were 
considerably greater within with the exception of Justham et al.’s (2008) elite group.  For 
ball spin rate, the pathway group produced spin rates equal to or greater than those 
previously reported (23.4–27.7 rev.s−1 compared with 26.4 rev.s−1) (Beach et al., 2014, 
2016; Chin et al., 2009; Cork et al., 2013; Justham et al., 2008) but considerably less than 
those observed within the elite group (30.0 rev.s−1). Most notably, significant differences 
were observed for what Spratford et al., (2017) termed, the ‘velocity/revolution index’ 
(59.7 ± 3 vs 65.5 ± 3.7). This emphasised that increasing revolutions observed in the elite 
group did not come at the detriment of ball velocity. Although highly descriptive in 
nature, from a practical stand point, this is one of the first studies which may allow 
coaches to begin to understand the biomechanical aspects of ball flight in both finger and 
wrist spin bowling.  
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In addition to finger spin, researchers have begun to assess wrist spin bowling technique 
and quantifying ball kinematics inclusive of; ball release velocity, spin rate, and 
orientation of the spin axis and seam (e.g. Spratford et al., 2018). Others have sought to 
identify the fundamental mechanical differences between finger-spin and wrist-spin 
techniques (e.g. Beach et al., 2016).  
 
In a study comparing both finger (n=23) and wrist (n=20) spin modes, Beach et al. (2016) 
proposed several variances accounting for the higher spin rates by the wrist-spin bowlers, 
when compared to finger spin bowlers. These include a significantly larger stride length, 
lower release height, a smaller rear knee flexion, elbow flexion, higher approach 
velocities and forearm rotation direction. Given the complexities attributed to a spin 
bowling technique, the instruction of this skill however has been largely formulated from 
the collective intuitions of past players. A standardised model of bowling technique has 
therefore been generally prescribed, with little biomechanics research validating this 
approach. As the first study to assess key differences between each modality, the study 
suggests that finger-spin and wrist-spin are distinct bowling techniques, recommending 
the development of two different coaching models in spin bowling. Two different action 
types within each spin bowling technique were reported, Type-1 and Type-2 action types, 
defined by opposing forearm rotation directions at release, whereby the Type-1 action 
utilising a supinating forearm, and the Type-2 action with a pronating forearm thus 
opposing the torque generated on the ball during release.  
 
More recently, Beach et al. (2018) furthered earlier work, investigating the associations 
between kinematics and spin rate in Type-2 finger-spin and Type-2 wrist-spin bowlers, 
by examining the magnitude and temporal order of segment angular velocities. 
Substantial differences in the joint kinematics were observed, which were associated with 
the ball spin rate between the Type-2 finger-spin and Type-2 wrist-spin techniques using 
correlation analysis and a generalised linear model.  Both bowling groups generally 
adhered to a proximal-to-distal sequence, whilst the Type-2 finger-spin bowling was 
associated to a greater extent with the timing of thorax and upper-limb movements. The 
time of maximum rear hip flexion and maximum arm circumduction velocity were 
reported to explain the variance in ball spin rate in the Type 2 wrist spin bowlers. Wrist 
spin bowlers were observed to be using a throwing-type action (Morriss & Bartlett, 1996), 
which are dependent on creating an increase in the pelvis-shoulder separation maximum 
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velocity. It was also reported that the increases in bowling arm speed were believed to be 
essential in utilising the supinating technique involved in wrist spin bowling, compared 
with the pronating technique of finger-spin bowling. The maximum rear hip flexion 
velocity was the only variable significantly correlated to spin rate in finger spin bowlers, 
suggesting the rotation of the pelvis is important contributor to spin, whilst for wrist spin 
bowlers, arm circumduction velocity accounted for variation in ball spin rate, concluding 
that bowling arm speed is essential to the supinating technique involved in wrist spin 
bowling techniques (Beach et al., 2018). 
 
To date researchers have quantified and compared mechanical characteristics between 
performance and skill levels, examining ball kinematics during ball flight, such as spin 
axis and performance off the pitch for both finger and wrist spin bowlers. Data were 
collected using various methods, from within match conditions (Justham et al., 2008; 
2010), as well laboratory based three-dimensional motion capture methods (Beach et al., 
2016; 2018; Chin et al., 2009; Spratford et al., 2010; 2018; Middleton et al., 2016; 2018; 
Table 2.1). Key questions however remain as to the mechanistic underpinnings for the 
application of spin and ball speed as well as understanding factors associated with 
performance in international match play in elite finger spin bowlers.  
 
2.4 Performance analysis of spin bowling 
 
Performance analysis and statistical analysis feature heavily in today’s ‘modern era’ of 
cricket and is deemed to be of great importance in influencing match strategy and tactics 
(Petersen et al., 2008b). Whilst previous examples of performance analysis research have 
assessed batting strategies (e.g. Clarke, 1988; Preston & Thomas, 2000), fairness (e.g. 
Duckworth & Lewis, 1988), the impact of the coin toss (e.g. De Silva & Swartz, 1997; 
Morley & Thomas, 2005), environmental impacts on performance on match outcome 
(e.g. Forrest & Dorsey, 2008), and winning and losing teams (e.g. Moore et al., 2012; 
Najdan, Robins & Glazier, 2011), very few peer reviewed studies have examined the 
parameters affecting pitch level performance for specific bowling disciplines, particularly 
spin bowing modalities. Nevertheless, in recent years, highly accurate, un-obtrusive ball 
trajectory data has been made available using either doppler radar or video-based 
systems, quantifying parameters such as ball speed, release and pitching position in match 
play (Crowther et al., 2018; Justham et al. 2008, 2010; Cork et al., 2013). This has enabled 
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investigators of performance within match play competition to be undertaken with 
significantly greater accuracy and reliability. 
 
In one of first studies implementing such methods, Justham et al., (2008) compared the 
bowling tactics of three right arm bowlers of differing mode (fast, medium paced and a 
finger-spin bowler), within three forms of international match play (test match, 50 over 
and T20). The spin bowler delivered the ball quicker in shorter forms when compared to 
test cricket (52.88 ± 1.31 vs 50.64 ± 6.54 mph), however mean bowling lengths and lines 
did not differ across formats, suggesting similar tactics were applied in both forms of the 
game. Similarly, Justham et al., (2010) anlaysed two international bowlers of differing 
modes e.g. pace and spin. For the spin bowling participant, delivery type was 
differentiated by ball release speed, vertical release angle, and ball deviation angle, 
whereas run rate were observed to be lower for the stock delivery (Table 2.1).  
 
Alternatively, Crowther et al (2018) examined the effects of a test match environment on 
spin bowling tactics in Australia an India, using ball speeds from tv broadcasters (Table 
2.1). Bowling tactics (i.e. ball release speed) were observed to be impacted by conditions 
of the pitch, whilst its was reported that the bowling tactics applied were the same as 
those applied in the bowler’s home environment. This suggests that neither team adapted 
their bowling to suit the demands of the away environment.  
 
Due to limitations due of the proprietary nature of data capture systems, the findings in 
these studies were either highly descriptive or limited to a small sample size of elite spin 
bowlers. This may be the basis for the lack of in-depth studies utilising Hawkeye ball 
tracking methods and therefore lack of scrutiny within international match play or 
competition.   Furthermore, given the potential depth of insight to be gained from 
Hawkeye ball tracking methods, international cricketing nations may cautious in 
publishing key findings for fear of relinquishing a competitive advantage to opposition.  
Collectively, the lack of either access or communicating this analysis has provided 
insufficient application to athlete or coach to improve spin bowling performance.  
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Table 2.1- Summary of mean ± standard deviations of ball kinematic data for finger spin bowlers of various performance levels 
 
Note: * denotes purpose-built cricket facility, ^ denotes spin bowling mode un-defined
study sample size performance level 
testing 
condition 
ball release speed 
(mph) 
spin rate 
(rpm) 
bowling length 
(m) 
bowling line 
(m) 
Justham et al., (2008) 20 elite  laboratory* 44.69 ± 1.77 1623 ± 246 1.8 - 5.9 -0.2 - 0.6 
 
2   elite ^ match 45.19 - 57.71 
 
3.9 -0.2 – 0.8 
Chin et al., (2009) 6 elite laboratory 46.75 1602 ± 276 
  
 
13 high performance laboratory 41.61 1332 
  
Spratford et al., (2010) 2 development laboratory 42.73 ± 0.45 1704 ± 72 
  
Beach et al., (2010) 5 high performance laboratory 41.74 ± 2.35 1560 ± 197 
  
 
1 low performance laboratory 38.47 ± 6.26 984 ± 7.8 
  
Cork et al., (2013) 7 national standard  laboratory* 41.96 ± 4.70 1661 ± 316 3.82 - 4.46 -0.36 ± 0.06 
Beach et al., (2014) 20 district laboratory 41.61 ± 2.46 1500 ± 252 
  
Beach et al., (2016) 23 club laboratory 41.60 ± 4.25 1584 ± 282 
  
Beach et al., (2018) 20 club laboratory 40.71 ± 4.03 1584 ± 262 
  
Spratford et al., (2017)  12 elite laboratory 43.84 ± 2.68 1800 ± 168 
  
 
24 pathway laboratory 44.69 ± 1.77 1584 ± 162 
  
Middleton et al., (2016) 1 elite - pre-remediation laboratory 43.84 ± 2.01 
   
  
 
elite - post 
remediation laboratory 44.96 ± 1.79 
   
Crowther et al., (2018) 25  elite – international^ match 53.85 ± 1.21    
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2.5 Illegal bowling actions 
 
Over the past 20 years, cricket has suffered intermittent but intense controversy over the 
legality of the bowling action used by some international cricketers (Portus, Rosemond, 
& Rath, 2006). Whilst it is of high importance to appreciate the relationships between 
illegal bowling actions and performance, it is especially important for finger-spin 
bowlers, as a key mechanical movement within the action often includes elbow extension 
between upper arm horizontal and ball release (Spratford et al., 2018; Chin et al., 2009). 
As such, in 2002, the International Cricket Council (ICC), introduced a standardized 
biomechanical protocol for the assessment of ‘dubious bowling arm actions’ in their 
2002-03 official playing regulations manual (ICC, 2002). Of note was the addition of 
tiered elbow extension tolerance thresholds of 5° for spin bowlers, 7.5° for medium pace 
bowlers and 10° for fast bowlers.  
 
These protocols were modified by the ICC in March 2005, implementing an updated 
illegal bowling assessment protocol. A new tolerance threshold was introduced following 
an assessment of biomechanical data from 130 first class cricket bowlers (Portus, 
Rosemond, & Rath, 2006). The new law deemed that a cricket bowler was required to 
not change the angle (extend) their elbow through the latter parts of the delivery action. 
As the bowling arm circumducts to the position of ball release, a 15-degree tolerance 
threshold was applied to the limit of elbow extension between the arm at the horizontal 
(UAH) and the position of ball release (BR); the final point in time the ball is touching 
the bowler’s fingers (Wixted et al., 2011). 
 
Whilst substantial research into of illegal actions in cricket has been undertaken, the 
foremost emphasis has been on placed upon testing or improving methodologies for 
measuring elbow kinematics in the bowling arm (e.g. Aginsky & Noakes, 2010; King & 
Yeadon, 2012; Chin, et al., 2010; Elliott, Alderson, & Denver, 2007; Ferdinands & 
Kersting, 2007; Wells et al., 2016; Yeadon & King, 2015). This has involved laboratory-
bound marker-based motion capture, raising ecological validity concerns given cricket 
bowlers predominantly train and compete outdoors (Wells et al., 2019). Accordingly, 
inertial and magnetic/inertial measurement units (IMU, MIMUs) have increased in 
popularity for human motion capture solution in cricket bowling, enabling on field 
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analysis in match play or training  (e.g. Wells et al., 2016; 2019; Spratford et al., 2014; 
Wixted et al., 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 - An illustration of an elite finger spin bowler utilising an illegal bowling 
action. The measure of elbow extension starts from the maximum flexed position after 
upper arm horizontal (UAH) to ball release (BR). Note that the elbow is flexed (a), and 
fully extended at the point of ball release (b). When elbow extension exceeds 15°, the 
delivery is considered illegal. 
 
One of the formative studies into bowling illegality was undertaken by Lloyd et al. 
(2000); who conducted a single subject case study of Sri Lankas all time test match wicket 
taker, the finger spin bowler Muttiah Muralitharan. Reporting to the ICC, the purpose of 
the study was to measure the flexion-extension angle of the elbow for a range of bowling 
deliveries to determine whether Muralitharan exceeded the 15° of elbow extension limit 
and therefore exhibiting an illegal bowling action during delivery. A marker based upper 
limb model was developed to analyse the 3D kinematics of the bowling arm, based on 
that proposed by Schmidt et al. (1999). Lloyd and colleagues (2000) reported that 
Muralitharan marginally flexed the elbow joint between upper arm horizontal (UAH) and 
ball release (BR). It was established that the use of 3D kinematic analyses could be used 
successfully in analysing cricket bowling actions, further suggesting research be 
(a) (b) 
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conducted to determine the normal range of elbow motion in both spin and fast bowling 
actions. In doing so, the determination for quantitative limits may be used to define what 
level of elbow extension constitutes an illegal ‘throwing action’.  
 
Whilst this study investigated important issues with regards to bowling legality, the 
fundamental question in examining the relationship between elbow extension and known 
performance benefits, such as ball spin rate, has only been addressed once. Examining 
48 participants, Spratford et al. (2018) compared both performance and technical 
parameters between legal and illegal finger‐spin bowlers. Similar ball release velocity 
and ball spin rates were observed between pathway bowlers with illegal actions and elite 
legal bowlers with additional technique differences also identified, with the namely 
‘illegal bowlers’ using an action which was more ‘front‐on’. To compensate for this body 
orientation, it was suggested that bowlers increased elbow flexion and supination to 
impart effective ball kinematics at ball release, deducing that the performance benefit of 
increased ball speed and revolutions were obtained when utilising an action more than 
the permissible 15° of elbow extension. In alignment with previously reported coaching 
literature e.g. Woolmer & Noakes, (2008), Spratford et al. (2018) suggested coaching and 
support staff should aim for bowlers to be more side-on at back foot contact and continue 
to rotate their trunk through ball release to avoid the front on ‘discus like’ action of 
Muttiah Muralitharan, as observed by Lloyd et al. (2000). 
 
Supplementary to elbow extension angle, Ferdinands & Kersting (2007) investigated 
associations between elbow extension angular velocities and ball release speeds at the 
point of BR across a wide range of legal and illegal bowling groups (n = 83, including 
spin, n = 6). Although the total number illegal bowlers were limited (n = 6, including one 
finger spin bowler), 84% of the illegal bowling group were identified as producing an 
elbow extension angular velocity of 150°/s between UAH and BR. It was suggested 
elbow angular velocity between these instants may be used to determine bowling legality 
in cricket bowling.  
 
Similarly, Marshall & Ferdinands (2003) suggested that maintaining a flexed elbow 
throughout the bowling delivery action may lead to an increased linear wrist velocity. 
Using a mathematical simulation model, an elbow flexed between 5 - 35° was reported 
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to increase wrist velocity between 2.8 - 18.0 km/h, concluding that although an increase 
in wrist velocity may be the case theoretically, it could not yet to be determined whether 
a bowler would be able to perform the bowling task at these varying levels of elbow 
flexion, whilst still conforming to the laws of the game. Expanding this study, Middleton 
et al. (2015) reported a negative correlation between elbow extension, range of motion, 
wrist velocity and ball release velocities in pace bowlers. Middleton et al. (2015) 
compiled a forward kinematic modelling process permitting perturbations of both elbow 
flexion, extension and abduction with estimations in ball release speed subsequently 
predicted.  
 
In summary, whilst it is important to refine and improve methodologies for assessing 
illegal bowling actions, it is evident there remains a substantial lack of published 
literature with an emphasis on finger spin bowling performance e.g. ball spin rate. 
Spratford et al. (2018) suggested investigators and academics alike are required to move 
past a simplistic model of using ball release speeds as the criterion measure of 
performance in such assessments. This is a very sensible suggestion given the agreement 
within the spin bowling literature that the application of spin the ball is a distinguishing 
factor in spin bowling performance (Beach et al., 2014; Chin et al., 2009; Justham et al., 
2008). 
 
2.6 Ball kinematics 
 
2.6.1 Aerodynamics of spinning balls 
 
A finger spin bowler delivers the ball using an array of skills to deceive the opposing 
batsman, which differ significantly to that of their pace bowling counterparts. These 
include a capability to regulate the deflection of the ball’s trajectory during flight, both 
laterally (known as drift) and vertically (known as drop); ball deviation off the pitch 
surface post bounce (known as side-spin) and the steepness of ball reflection post bounce 
(Justham et al., 2010; Justham et al., 2008; Woolmer & Noakes, 2008; Spratford et al., 
2017).  
 
Whilst it is considered vital to understand the relationship between the ball release 
conditions and the direction and magnitude of ball displacement during flight (Spratford 
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et al., 2017), previous research dedicated to understanding the mechanisms underpinning 
this is rare. The majority of studies in the aerodynamics of balls or spherical objects have 
included experimental investigations in fast bowling (e.g. Mehta et al., 1983, Sayers, 
2001; Sayers & Hill, 1999), with more recently researchers applying theoretical 
modelling methodologies to spin (e.g. Pahinkar & Srinivasan, 2010; Robinson & 
Robinson, 2013; 2016). In one of the few experimental wind tunnel examinations 
exploring aerodynamics of ball spin, Sayers & Hill (1999) reported that the force created 
on the ball was reliant on both the free-stream velocity moving around the boundary layer 
of the ball and balls rate of spin, known as Magnus force (!") or the Magnus ‘effect’ 
(named after Heinrich Gustav Magnus, the German physicist who first investigated the 
phenomenon). 
 
In one of the very few studies seeking to understand the effects of Magnus force in spin 
bowling, Spratford et al. (2017) examined three-dimensional ball kinematics, including 
ball release velocity, spin rate and orientations of the spin axis and seam between elite 
and pathway spin bowlers. The magnitude of Magnus force (!") applied was reported to 
be proportional to release speed and spin rate, forming a rationale for why elite spin 
bowlers deliver the ball with more drift and at a greater release speeds (Mehta, 1985; 
Robinson & Robinson, 2013; Watts & Ferrer, 1987). These characteristics of increased 
drift and steep ball reflection post bounce are widely understood to be significant 
elements in the finger spin bowler’s attempt to deceive an opposing batsman (Woolmer 
& Noakes, 2008) 
 
2.6.2 Magnus force ($%) 
 
Drift or drop i.e. the movement of the delivery during flight, results from the fact that, on 
the side of the ball advancing due to the spin motion, air flow is opposed and is slowed 
down. This creates a high-pressure region, and on the receding side, is sped up, creating 
a low-pressure region. The consequential pressure differential causes a ‘side-ways’ or 
Magnus force (!")	and hence a side-ways movement of the ball in ball flight (Robinson 
& Robinson, 2016). 
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Figure 2.4 - An illustration of the forces acting on a spinning cricket ball in flight. The 
drag force (!() acts in the opposing direction to ), the Magnus force (!")	acts in the ω	 × 	)  direction, and the force of gravity (!,) acts downward. 
 
However, if a ball is moving through a fluid (such as air), in the absence of spin, it is only 
subject to a drag force, !(, which, by symmetry, is in the opposing direction to its motion ) . If the ball is spinning it is also subject to a secondary force; a lift or ‘Magnus force’, !" (Figure 2.4). For a spinning delivery perpendicular to the projectiles ) it is assumed, 
on the basis of experimental evidence (see Mehta 2005), that  !" is proportional to )2 
and acts perpendicular to both velocity ()) and its rate of spin (ω). The sense of direction 
of !" is given by ω × ). In this example, the magnitude of !"	is written as: 
 
!" = 	12	0123)4 
          (2.1) 
Where 01, also known as the spin factor (Nathan, 2008), is a function of 5	and ) (Figure 
2.5) 
) !" 
spin axis - 
orthogonal to the 
plane of the seam 
seam of the ball 
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 01 = 65)  
 
          (2.2) 
For example, if a bowler imparts 2200 rpm on the ball (230.38 rads-1), at a ball release 
speed of 55.4 mph (24.77 m.s.-1), then this equates a 01 of 0.332 (2.3).   
 
 01 = 0.0357(230.38)24.77 = 0.332 
 
          (2.3) 
Inputted into the equation for !" (2.4) and using a standard air density of 1.22 (kg/m³), 
this equates a Magnus force (!") of 0.496 N imparted on the ball at point of release. 
 
 !" = 12 (0.332)23(24.77)4 = 0.496	N	 
 
          (2.4) 
Where: !" = Magnus force (N) 
 01 = a dimensionless lift coefficient 
     2  = air density (kg/m³) 
   3  = the cross-sectional area of the ball (m) 
  )  = velocity of the ball (m.s.-1) 
   R = radius of the ball (m) 
   5 = spin rate (rads-1) 
 
The magnitude of !"	is dependent on the 5 and ) at ball release, whilst the magnitude 
of drift and on dependent on direction of spin axis. Deliveries with high rates of spin and 
released at high velocities therefore exhibit greater !"	than those with lesser magnitudes 
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of 5 and ). This relationship is illustrated in Figure 2.6, exhibiting four scenarios of 
differing 5, ranging between 1660 and 2200 rpm.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 - The relationship between spin rate (ω) and release speed (v) on calculating 01   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 - The relationship between spin rate (ω) and release speed (v) on calculating  !" 
C
L 
release velocity (m.s-1) 
F m
 (N
) 
release velocity (m.s-1) 
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Whilst some early experimental studies have been undertaken on the aerodynamics of 
smooth spherical objects, a cricket ball however, is not completely smooth and is made 
of four pieces of leather, two per hemisphere joined together at its equator by a series of 
six raised seams, each between 80 - 90 stitches (Sayers & Hill, 1999). The roughness of 
the balls surface, and the presence of the ‘seam’ has been reported to dramatically 
influence the magnitude of !" (Mehta, 2005; Robinson & Robinson, 2016) and is 
therefore it is critical to consider this factor in finger spin bowling. This occurs from the 
transition of laminar to turbulent airflow in the boundary layer. If the flow is turbulent in 
the boundary layer, the boundary layer clings to the ball further around on the 
downstream side (i.e. separation is delayed because of turbulence). This leads to a smaller 
wake and thus a smaller drag force than in the laminar case (Mehta, 2005).  
 
2.6.3 Seam stability 
 
Spin bowlers apply a torque to the cricket ball via the fingers, causing a rotation about an 
axis of spin running through the ball’s centre of mass (Beach et al., 2018). The fingers 
are distributed around the seam of the ball in order to impart spin about this axis, 
perpendicular to the seam (Figure 2.4). According to general coaching instruction, a 
finger spread angle as wide as comfortably possible, is recommended (Fuss et al., 2018). 
Spin is applied by (i) combining the movement of forearm joints and wrist joint (either 
pronation or supination and radial/ulnar deviation); (ii) rotating the fingers that grip the 
ball (finger flexion and thumb reposition); and (iii) ensuring that the final contact ball is 
between the middle finger and ball immediately prior to ball release (Fuss et al., 2016). 
In addition to the application of high rates of spin, it is a widely understood belief within 
the cricket coaching community, that delivering a finger spin delivery with a stable seam 
is a key factor effecting ball flight trajectory and therefore a desirable skill for an elite 
spin bowler (Woolmer & Noakes, 2008). This is based on the assumption that a stable 
seam (characterized by the spin axis being orthogonal to the plane of the seam; Figure 
2.4) is determined as a measure of the bowler’s ability to “control” the ball, whilst 
generating release velocity and imparting spin. A stable seam also is believed to increase 
the chances of the seam making contact with the ground and increasing subsequent side-
spin off the pitch surface (Spratford et al., 2017). This was supported by Sayers & Hill 
(1999), reporting that if the lift-force is negatively influenced when the free stream 
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velocity is disrupted, an ability to deliver a spin delivery with a stable seam may reduce 
this disruption and therefore considered an attribute of elite finger spin bowling skill.  
2.7 Range of motion 
 
To date, there is also a scarcity of finger spin bowling literature examining 
anthropometrics, joint range of motion and their associations to bowling performance, , 
particularly within elite groups. In a similar trend to biomechanics research within the 
sport, the vast majority of sport specific cases have been limited to pace bowling/bowlers. 
Glazier et al., (2000) reported a high correlation between increased BR velocity and 
shoulder to wrist length and total arm length. Numerous morphological differences have 
also been reported when compared with other key roles within the sport, namely batsman, 
including an increased external rotation range of motion about the glenohumeral joint 
and decreased shoulder internal rotation (Giles & Musa, 2008). Specifically, with regards 
to passive range of motion in cricketers, most have been descriptive in nature or directed 
at comparing shoulder range of motion in cohorts with and without shoulder pain (e.g. 
Aginsky et al., 2004; Giles & Musa, 2008; Stuelcken et al., 2008; Sundaram et al., 2012; 
Green et al., 2013) 
 
Sundaram et al. (2012) sought to compare the glenohumeral internal and external rotation 
range of motion differences between elite fast bowlers (n = 35) and spin bowlers (n = 
31). Glenohumeral passive internal and external rotational differences between dominant 
and non‐dominant shoulders were assessed using a standardized mechanical 
inclinometer. Significant external rotation differences (ERD) were reported between elite 
fast bowlers and spin bowlers, however no such difference in internal rotation difference 
(IRD) were observed. Similarly, to other overhead task, such as baseball pitching, the 
authors indicated that the repetitive nature of the bowling task was the contributor to 
decreased glenohumeral internal rotation (IR) and increased external rotation range of 
motion in dominant shoulders compared to non‐dominant shoulders.  
 
Significantly more published literature exists exploring the range of motion in overarm 
throwing or striking skills, specifically investigating injury, age, gender, sport or playing 
role (e.g. Ellenbecker et al., 2007; Scher et al., 2010; Laudner et al., 2013; Beckett et al., 
2014; McCulloch et al., 2014; Saito et al., 2014; Sauers et al., 2014; Bohne et al., 2015; 
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Cheatham et al., 2016; Moreno-Pérez et al., 2015; Picha et al., 2016). Only a few studies 
however have investigated passive range of motion and performance, specifically 
investigating hip passive range of motion and its relationship with pitching kinematics 
and ball velocity (e.g. Robb et al., 2010; Laudner et al., 2015).  
 
Firstly, Robb et al. (2010), examined nineteen professional baseball pitchers, linking the 
total arc of hip rotation (the sum of internal and external rotation) of the non-dominant 
hip with ball release velocity. These authors demonstrated that flexibility of the hip 
musculature influenced pelvis and trunk kinematics during baseball pitching. Whilst in a 
study examining bilateral hip rotational range of motion among 34 collegiate baseball 
pitchers, Laudner et al., (2015) reported that the total arc of hip rotation of the non-
dominant hip was significantly correlated with the amount of external rotation torque at 
the shoulder. This supported previous theories that decreased hip rotation ROM may 
cause pitchers to not only throw more across their body (e.g. Dillman et al., 1993; Stodden 
et al., 2001), but also may disrupt the transference of kinetic energy which subsequently 
lead to increased torque being placed on the throwing shoulder. 
 
 
2.8 Summary 
 
It has been determined that finger spin bowling plays an important role within the game 
of cricket. Previous research has highlighted the elite performers produce greater spin 
rates and bowl at greater speeds (Spratford et al., 2017) as well as displaying greater side-
on alignment of the pelvis and thorax at back foot contact (BFC), greater ranges of pelvis 
and thorax rotation between BFC and BR as well as a greater horizontal shoulder linear 
velocity and higher ranges of forearm rotation (Chin et al., 2009). Maximum rear hip 
flexion velocity was the only technical variable linked to ball spin rate although in sub 
elite finger spin bowling populations (Beach at al., 2018).  
 
Whilst a review of the scientific literature on the biomechanical aspects of spin bowling 
performance is provided, several issues restricting the practical application of existing 
research are also highlighted. Further research is required to understand the causative 
mechanisms and processes producing performance parameter measures (e.g. ball spin 
rate) particularly within elite finger spin bowling groups. Furthermore, it is evident for 
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the lack of peer reviewed studies assessing which mechanisms of finger spin bowling 
skill contribute to success in test match cricket. 
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Chapter 3 
 
3 Data Collection Procedures 
 
This chapter describes the equipment and protocols used to collect the kinematic and 
anthropometric data. Details are provided regarding the studies participants, equipment 
setup and calibration, marker positions, trials captured, and the anthropometric 
measurements recorded. The methodology used to process kinematic data are also 
described.  
 
3.1 Equipment – kinematic and range of motion 
 
Kinematic, anthropometric and passive range of motion data were collected over three 
different collection periods at the National Cricket Performance Centre, Loughborough, 
UK. The procedures undertaken, including equipment and layout were replicated on each 
collection period. A specialist indoor cricket facility at Loughborough University, UK 
was chosen, as these allowed participants to undergo self-directed warm ups and replicate 
match intensity finger spin bowling deliveries utilising their desired run up on an artificial 
full-length pitch.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 - Purpose built cricket facility and data capture volume. 
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Kinematic data were recorded using an 18 camera (MX13) Vicon Motion Analysis 
System (OMG Plc, Oxford, UK) operating at 300 Hz, positioned over a capture volume 
of approximately 7 x 3 x 3 m (Figure 3.1). This frame rate was chosen, along with a high 
camera resolution to certify the accuracy of the data collected, ensuring all markers were 
tracked effectively within the capture volume given the dynamic action being assessed 
(Worthington, 2013). Furthermore, to certify the Vicon Motion Analysis System’s 
accuracy was optimized, all cameras were placed to see the capture volume in their field 
of view.  
 
Sixteen of the Vicon cameras were mounted on tripods with 1 m extension poles attached, 
allowing the cameras to be pointed downwards slightly. The two remaining cameras were 
positioned at a lower height and located at the front of the capture volume. These cameras 
were used to reduce the occlusion of markers on the front of the bowlers’ pelvis and 
thorax as they flexed forwards during the delivery action. Two Fastec TS3 digital high-
speed cameras were used to capture all spin bowling deliveries. The cameras recorded at 
a frequency of 500 Hz and were positioned behind the bowler and to the side with the 
bowling delivery captured in their field of view (Figure 3.2). These video files were used 
as a point of reference and for report compilations for internal use by the England and 
Wales Cricket Board (ECB).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 - (a) Rear and (b) open side images obtained from the two high speed cameras. 
(a) (b) 
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3.1.1 Trackman doppler radar 
 
Spin rate data were recorded using a custom-developed Trackman Doppler radar 
(TrackMan A/S, Denmark); optimised for the capture of spin bowling trajectories and 
spin rates. The Trackman radar (TrackMan A/S, Denmark) calculated the shift in 
frequency of a laser light wave when reflected from the cricket ball during ball flight. 
This allowed a measure of the cricket balls velocity and spin rate, while multiple receivers 
allowed the balls 3D position to be calculated. Trackman measures spin rate in 
revolutions per minute (RPM), with previous research reporting a typical error of less 
than 18 RPM compared to gold standard three-dimensional motion capture methods 
(Chapman, 2015).  
 
The radar was placed on a tripod to ensure the zenith location of ball flight was captured. 
The tripod was positioned 10 m behind the bowler, directed along the target line of 
delivery, aligned with centre stump at both the bowling and batting end of the playing 
strip (Figure 3.1). The radar was calibrated before each testing session commenced, 
utilising self-levelling legs and a built-in video camera, enabling the target line to be 
selected.  
 
The Trackman radar (TrackMan A/S, Denmark) operated two integrated Doppler-radar 
transceivers to provide real-time ball kinematic data. The use of a real-time an 
ecologically reliable, ball kinematics data capture device was considered of high 
importance in capturing maximal spin rate trials in study 1, as participants received direct 
feedback on spin rate their outputs following each bowling delivery. Feedback from 
participants was that this increased intrinsic drive to deliver maximal spin rates on the 
deliveries to follow, ensuring bowlers were inputting maximal effort 
 
3.1.2 Participants 
 
3.1.2.1 Kinematic and range of motion 
 
Twenty-three elite male finger spin bowlers (mean ± SD: age 22.0 ± 4.6 years; height 
1.80 ± 0.62 m; body mass 78.0 ± 10.9 kg) were tested over a three-year period comprising 
of three data collection periods.  All bowlers were identified as “elite finger spin bowlers” 
by the England and Wales Cricket Board (ECB) spin bowling national coach.  Each 
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bowler was either a member of the England men’s senior, A or U19 cricket team, or a 
current professional first-class county player and identified by the ECB spin bowling 
national coach as having the potential to play international cricket within the next 5 years.  
All bowlers were deemed fit to bowl by their County or National Team Physiotherapist.  
The testing procedures were explained to each bowler and informed consent was obtained 
in accordance with the guidelines of the Loughborough University Ethical Advisory 
Committee (Appendix C).  All bowlers conducted a thorough self-selected warm-up 
before data collection.   
 
3.1.3 Testing volume calibration 
 
Prior to each testing session, the Vicon system was calibrated using an Ergocal (14 mm 
markers) static calibration frame and a 240 mm calibration wand (14 mm markers). This 
allowed for the calculation and orientation of all cameras relative to each other thus 
defining the origin and global coordinate system. When viewed from behind, the global 
origin was located at the rear-left corner of the force platform, with the x-axis pointed 
from left to right, the y-axis pointed forwards and the z-axis was the upwards vertical. A 
residual error of ≤ 0.3 pixels per camera was deemed acceptable during the calibration 
process. 
 
3.1.4 Marker set 
 
Fifty-six 14 mm retro-reflective markers were attached to each bowler, positioned over 
bony landmarks and accordance with Loughborough Universities peer reviewed marker 
set developed specifically for cricket bowling (King & Yeadon, 2012; Yeadon & King, 
2015, Worthington & King, 2013; Ranson et al., 2008). For the purpose of study 1 (and 
the study documented in Appendix A), the marker set was extended to include four retro-
reflective markers placed on the bowling hand and fingers to quantify motion of the index 
and middle finger during the delivery phase. Of the four markers, two were placed on the 
metacarpophalangeal joint of the index and middle finger of the bowling hand (see 
section 3.2.5).  Figure 3.3 outlines the exact placement of the markers used. A detailed 
description of all marker placements and naming conventions are presented in Table 3.1. 
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Markers size was standardised to 14 mm in diameter with flexible markers used for the 
finger segments to ensure comfort of the participants.  Markers were placed on bony 
landmarks (Figure 3.3) and when required, were attached using a sports adhesive spray 
and double-sided tape. Three additional markers were place on the surface of the ball that 
was not in contact with the palm of the bowler. These markers were formed using 15 x 
15 3 mm Scotch-Lite reflective tape (Figure 3.4), enabling ball speed to be determined 
and calculation of spin rate to be explored. 
 
 
Figure 3.3 -  (a) An illustration of the locations for the fifty-six retro reflective markers 
applied and (b) locations of the four reflective markers placed on the index and middle 
fingers of the bowling hand. 
 
 
(a) 
(a) (b) (c) 
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Figure 3.4 - An illustration of the reflective tape positioned on the cricket ball. 
 
Table 3.1 - Segments, labels and marker positions used in study 1 
Segment Label Marker position 
PELVIS 
RASI Bony protrusion of the right anterior super iliac 
LASI Bony protrusion of the left anterior super iliac 
RPSI Dimple created by the right posterior super iliac 
LPSI Dimple created by the left posterior super iliac 
 
LHIP Position not crucial (only used for asymmetry purposes). 
Roughly level with the other pelvis markers and 
approximately above the hip joint centre 
TRUNK 
LUM1 First lumbar vertebra.  
T10 Tenth thoracic vertebra 
STRN Centre of marker positioned over lower tip of sternum 
CLAV Centre of marker positioned over upper tip of clavicle 
C7 Seventh cervical vertebra.  
RBAK Position not crucial, is just used for asymmetry. Somewhere 
in the centre of the right scapula 
SHOULDER 
SHOP Posterior aspect of the shoulder. 
SHOA Anterior aspect of the shoulder - Midpoint of the posterior and 
anterior shoulder markers should define the Shoulder Joint 
Centre when the arm is pointing vertically upwards. 
Typically, the anterior marker will be significantly higher 
than the posterior marker 
ACR Top of shoulder, positioned on the acromion process 
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ELBOW 
ELBM Medial aspect of the elbow 
ELBL Lateral side of the elbow 
 Midpoint of the 2 elbow markers is the Elbow Joint Centre – 
this should be done with the elbow fully straightened. A line 
joining the 2 elbow markers should be at ninety degrees to the 
frontal plane of the Humerus 
WRIST - 
HAND 
WRA Thumb side of wrist. 
WRB Little finger side of wrist. 
 Midpoint of the 2 wrist markers is the Wrist Joint Centre - a 
line joining the 2 wrist markers should be at ninety degrees 
the frontal plane of the Radius 
HND Dorsal surface of the hand, on the hand’s longitudinal axis – 
the line between the Wrist Joint Centre and the Middle Finger.  
FOOT 
TOE On the centre line of foot - marker’s centre 3cm from tip of 
big toe 
MTPM Medial side of the MTP joint 
MTPL Lateral side of the MTP joint 
 Midpoint of the 2 MTP markers is the MTP Joint Centre - A 
line joining the 2 MTP markers should be at ninety degrees to 
the frontal plane of the Foot 
HEE Centre line of foot, placed on back of heel of shoe and at 
similar height to Toe marker 
ANKLE 
ANKM Medial aspect of the ankle 
ANKL Lateral aspect of the ankle 
 Midpoint of the 2 ankle markers is the Ankle Joint Centre - a 
line joining the 2 ankle markers should be at ninety degrees 
to the frontal plane of the Tibia 
KNEE 
KNEM Medial side of knee 
KNEL Lateral side of knee 
 Midpoint of the 2 knee markers is the Knee Joint Centre - A 
line joining the 2 knee markers should be at ninety degrees to 
the frontal plane of the Femur 
HEAD 
RFHD Front- right aspect of the head 
LFHD Front- left aspect of the head 
RBHD Back-left aspect of the head 
LBHD Back-left aspect of the head 
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3.2 Testing protocol 
 
3.2.1 Static calibration trials 
 
Prior to dynamic bowling trials, participants were required to undergo the acquisition of 
a static trial. This involved each participant to stand in T-pose position with both arms 
and wrists extended, with fingers pointed and separated, as the finger markers were 
required to be visible to the cameras (Figure 3.5b). This static protocol enabled the length 
of body segments to be determined and joint offset angles to be calculated. This permitted 
virtual markers and joint centres to be created during dynamic bowling trials thus 
reducing the influence of skin artefact during dynamic motion (Cappozzo et al., 1996; 
Cutti et al., 2005). 
 
In accordance to the protocols used by King & Yeadon, (2012), a range of bowling arm 
specific calibration trials were recorded. These comprised: a static “straight arm trial”, 
where the bowling arm was visually placed overhead in a straight position by a chartered 
sports physiotherapist (midline of the upper arm and lower arm lying in a plane through 
the elbow markers; Figure 3.5a); an “elbow flexion trial”, where from a straight arm 
position overhead, the arm was flexed at the elbow whilst keeping the upper arm 
stationary and then extended back to the straight arm position; and a static “ball release 
trial”, where the ball was held touching the end of the fingertips of the bowling hand. 
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Figure 3.5 - An example of the static calibration trails including (a) the bowling arm and 
(b) static T-pose. 
 
 
3.2.2 Active range of motion trials 
 
An active range of motion trial was performed (Figure 3.6), to determine the range of 
motion of a lower back reference frame relative to the pelvis reference frame (Ranson et 
al., 2008; Worthington et al., 2013; Felton et al., 2018). Finger spin bowling participants 
were given a demonstration of the dynamic range of motion action required. Specific 
focus was on encouraging each participant to meet the end range for each range of motion 
procedure. These included: lower trunk flexion and extension, side-flexion (left and 
right), and axial rotation (left and right). A neutral spine was obtained from the range of 
motion trial and defined as the moment the spine passed through the vertical as the bowler 
went from side-flexion one way to side-flexion in the other direction.  
 
(a) (b) 
(a) (b) (c) 
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Figure 3.6 - An example of the active range of motion trials including (a) lateral flexion; 
(b) trunk extension and (c) trunk rotation. 
 
3.2.3 Defining joint centres 
 
Three-dimensional joint centre time histories for the ankle, knee, shoulder, elbow, and 
wrist were calculated from the pair of markers placed across each joint, positioned such 
that their midpoint coincided with the joint centre (Worthington et al., 2013). The hip 
joint centre time histories were calculated from markers placed over the left and right 
anterior superior iliac spine and the left and right posterior superior iliac spine (Davis, 
Ounpuu, Tyburski, & Gage, 1991). The endpoints of the lower and upper trunk segments 
were defined using the four markers on the pelvis in addition to markers placed over the 
cephalad and caudad ends of the sternum as well as the spinous processes of L1, T10 and 
C7 (Roosen & Pain, 2007). 
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3.2.4 Elbow  
 
To minimise soft tissue artefact (STA) at the elbow, lateral and medial markers (ELBL) 
and ELBM) were positioned on both medial and lateral epicondyles to represent the 
elbow joint centre (EJC) as described by King & Yeadon (2012b). It was deemed these 
placements were likely to have less movement artefact arising from skin movement 
during internal/external rotation of the upper arm, when compared to contrasting marker 
placements using small triads placed over soft tissue as advocated by Lloyd et al. (2000). 
 
3.2.5 Metacarpophalangeal (MCP) joint - index and middle fingers  
 
The index finger joint centre (or metacarpophalangeal joint centre) was defined as the 
cross product of the BHKNU and BHFIN markers, whilst the metacarpophalangeal joint 
centre of the middle finger defined as the cross product of the MIDKNU and MIDFIN 
(Figure 3.3b). These markers were placed either side of the joint centre between the 
anterior and posterior side of the joint, however careful effort was taken so each marker 
placement did not impede the application of spin on the cricket ball. Qualitive feedback 
was received from participants to ensure validity of marker placement. Due to the close 
placement of markers relative to one and other, during the static calibration procedure, 
the fingers were extended and separated so they could be clearly defined in the labelling 
procedure.  
 
3.2.6 Defining joint coordinate system  
 
Local reference frames were defined comprising a three- dimensional full-body 18-
segment representation of a bowler (head and neck; upper trunk; lower trunk; pelvis; 2 × 
arm; 2 × lower-arm; 2 × hand; 2 × upper-leg 2 × lower-leg; and 2 × two- segment foot). 
Reference frames were defined using three markers on the segment itself, allowing 
segment orientations and joint angles to be calculated.  
 
The z-axis pointed upwards along the longitudinal axis of the segment; the x-axis pointed 
toward the bowler’s right with the y-axis pointing forward. Similarly, a global coordinate 
system was defined with the y-axis pointing down the wicket, toward the batsman, the x-
axis pointing to the right and the z-axis representing the upwards vertical.  
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3.2.7 Joint angle definitions 
 
Anatomical joints corresponded to the Cardan angle convention, obtained via an ordered 
sequence of rotations (Diebal 2006; Schache et al., 2001). Cardan angles were used to 
represent joint angles principally because it is simple to calculate, and the angles can have 
a clinical meaning if calculated correctly. Angles were calculated in accordance to The 
International Society of Biomechanics (ISB), who currently recommends lower 
extremity kinematics being quantified by means of an XYZ Cardan sequence of rotations, 
whereby X represents sagittal plane rotation, Y represents coronal plane rotation and Z 
represents transverse plane rotations (Wu & Cavanagh, 1995). This recommendation was 
developed around the assumption that it is most empirically meaningful for the first 
rotation to represent the axis with the greatest range of motion. Joint angles were defined 
as a parent-child coordinate system. This defines the rotation applied to the parent 
coordinate system (proximal segment) to bring it into coincidence with the coordinate 
system of the child segment (distal segment). Rotation angles were calculated using an 
xyz sequence, corresponding to flexion-extension, abduction-adduction, and longitudinal 
rotation, respectively (Table 3.2). These rotations correspond to flexion-extension, 
abduction-adduction or valgus-varus rotation, and longitudinal rotation, respectively. 
 
Table 3.2 – Joint angles and direction of rotations within the joint coordinate system 
Joint ve X Position Y Position Z position 
Shoulder 
+ Flexion Adduction Supination 
- Extension Abdcution Pronation 
Pelvis  
+ Extension  Pelvic rotation  Anterior tilt 
- Flexion Pelvic rotation Posterior Tilt 
Cervical; Thoracic; Lumbar 
+ Extension Lateral flexion (right) Twist (left) 
- Flexion Lateral flexion (left) Twist (right) 
Elbow 
+ Extension Valgus Supination 
- Flexion Varus Pronation 
Wrist 
+ Extension Radial deviation Supination 
- Flexion Ulna deviation Pronation 
Knee; Ankle; Foot 
+ Extension Lateral motion Supination 
- Flexion Lateral motion Pronation 
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3.2.8 Identification of key instants 
 
In order to assess bowling trial validity and in agreement with MCC law 21.2 (MCC, 
2017), elbow extension was calculated between UAH and BR. In accordance with King 
& Yeodon, (2012), the instant of upper arm horizontal (UAH) was defined as the first 
image during the delivery when the vertical location of the elbow joint centre was higher 
than the upper arm endpoint, while the instant of ball release (BR) was defined as the 
first image where the distance between the ball marker and the lower arm endpoint was 
greater than the measured distance from the static calibration ball release trial.  
 
The instance of back foot contact (BFC) and front foot contact (FFC) were identified 
using the three-dimensional trajectories of the markers on the foot. The instant of ground 
contact in both scenarios was identified as the first frame in which the motion of the foot 
was seen to change due to contact with the ground. Follow through (FT) was defined as 
the point the back foot would make contact with the ground after which the ball had been 
delivered. Run-up velocity (in the global y-direction) was calculated as the mean mass 
centre velocity over a period of 18 frames (0.060 s) immediately before the instant of 
BFC and the orientation of the shoulders and pelvis were calculated by projecting their 
respective joint centres onto the transverse plane (Worthington et al., 2013).  
 
Figure 3.7 - (a) Shoulder and pelvis orientation angles in the transverse plane, (b) foot 
orientation angles in the transverse plane. 
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All orientations for both left and right-handed bowlers were expressed using definitions 
based on a right-handed bowler. A bowler facing directly down the wicket (front-on) was 
defined to have a shoulder and pelvis orientation angle of 270°, a side-on position 
corresponded to an orientation angle of 180° (Figure 3.7a). The pelvis-shoulder 
separation angle was calculated by subtracting the pelvis orientation angle from the 
shoulder orientation angle. The orientations of the front and back foot were also 
calculated in the transverse plane. A foot pointing directly down the wicket was defined 
to have a foot orientation angle of 360°, and a foot position parallel to the stumps 
corresponded to an orientation angle of 270° (Figure 3.7b). 
 
3.2.9 Gap filling trajectories  
 
Three-dimensional marker trajectories were created using Vicon’s Nexus software 
package collected from the 18 Vicon cameras. Whilst many considerations and efforts 
were made toward collecting highly accurate kinematic data, due the highly dynamic task 
being investigated, some small gaps in marker trajectories did exist within the finger spin 
bowling action. Accordingly, these gaps were filled using the spline fill function within 
Vicon’s BodyBuilder software. Here a spline is fitted to the data, either side of the gap 
formed. This is then interpolated to estimate the missing values i.e. the gap. Once the gap 
had been filled, the data was inspected to ensure the interpolated values were reasonable. 
The most common need for the gap filling process was when analysing the broken 
trajectories of the finger markers of the bowling hand during the ball release phase. 
Tracking these markers were deemed highly problematic due to the close proximity of 
markers within the capture volume (see Section 9.1 for further details).  
 
3.2.10 Filtering  
 
All marker trajectories were filtered using a recursive fourth-order low-pass Butterworth 
filter. A cut-off frequency of 30 Hz was determined using the Residual Analysis 
methodology described by Winter, (1990). The filtering process had minimal effects to 
the position of the markers, however, was sufficient enough to reduce any un-warranted 
‘noise’ in velocities and accelerations. 
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3.2.11 Anthropometric data 
 
Subjects body mass was collected using Seca-Alpha digital scales. Ninety-five 
anthropometric measurements were also taken enabling subject-specific segmental 
inertia parameters to be determined for each bowler using a mathematical model 
(Yeadon, 1990; see Appendix D). These measurements were taken were at specific 
locations on the body by an experienced researcher who replicated this process for each 
participant to ensure reliability. These included: lengths; widths; depths; and perimeters. 
This enabled the body to be split into the required 18 segments representing the bowler, 
(head and neck; upper trunk; lower trunk; pelvis; 2 × arm; 2 × lower-arm; 2 × hand; 2 × 
upper-leg 2 × lower-leg; and 2 × two- segment foot). 
 
3.3 Passive range of motion  
 
Prior to bowling, each bowler underwent a series of passive range of motion assessments.  
The order of the tests was kept consistent for each bowler with the left-hand side of the 
body being assessed first.  Each range of motion assessment was performed using 
authenticated methodologies by experienced clinicians and by the same examiner (who 
was an experienced physiotherapist with a master’s degree in manipulative therapy), to 
ensure ecological validity throughout. The passive range of motion measurements for 
either side of the body were categorised as either dominant or non-dominant sided 
measurements, with the dominant side coinciding with the bowling hand of the bowler. 
Twelve parameters were then determined, defining key passive range of motion 
measurements of the pelvis and shoulder 
 
3.3.1 Shoulder - internal rotation  
 
The participant began by being positioned in a crook lying position with the shoulder 
abducted to 90º, elbow flexed to 90º and forearm in a mid-prone position. The Examiner 
passively internally rotated the shoulder until end of range whilst stabilising the scapula 
and humeral head. An inclinometer was placed on the posterior aspect of the forearm just 
distal to the wrist joint (Figure 3.8a). The angle between the forearm and the vertical was 
then recorded. 
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3.3.2 External rotation  
 
The participant began by being positioned in a crook lying position with the shoulder 
abducted to 90º with the elbow flexed to 90º and forearm in a mid-prone position. The 
Examiner passively internally rotated the shoulder until end of range whilst stabilising 
the scapula and humeral head. An inclinometer was placed on the posterior aspect of the 
forearm just distal to the wrist joint (Figure 3.8b). The angle between the forearm and the 
vertical was then recorded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 - An example of the data collection procedure for measuring (a) internal and 
(b) external shoulder rotation. 
 
3.3.3 Hip supine - Internal rotation 
 
The participant began by sitting on edge of plinth with both knees flexed to 90º. The 
participant lied back into a supine position and flexed the non-testing leg, so its foot is 
resting on the plinth. The examiner passively internally rotated the hip until the pelvis 
was observed to move. An inclinometer was then placed on the superior part of the medial 
border of the tibia (just inferior to the medial condyle; Figure 3.9a). The angle between 
the tibia and the vertical was measured. 
(a) (b) 
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Figure 3.9 - An example of the data collection procedure for supine hip (a) internal and 
(b) external rotation. 
 
3.3.4 Hip supine - External rotation 
 
The participant began by sitting on edge of plinth with both knees flexed to 90º. The 
participant lied back into a supine position and flexed the non-testing leg, so the foot was 
resting on the plinth. The examiner passively externally rotated the hip until the pelvis 
was observed to move. An inclinometer was then placed on the superior part of the medial 
border of the tibia, just inferior to the medial condyle (Figure 3.9b). The angle between 
the tibia and the vertical was measured. 
 
 
 
 
 
(a) (b) 
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Figure 3.10 - An example of the data collection procedure for prone hip (a) internal and 
(b) bent knee fall out on a prone position.  
 
 
3.3.5 Hip prone - Internal rotation 
 
The participant began in a prone position with both knees together flexed to 90º. The 
participant then allowed both legs to fall into internal rotation whilst keeping the thighs 
together. A spirit level was placed across the buttocks to monitor pelvic rotation. At end 
of range the examiner gives a gentle overpressure to ensure end range is reached. An 
inclinometer was placed on the superior part of the medial border of the tibia just inferior 
to the medial condyle (Figure 3.10a). The angle between the tibia and the vertical was 
measured. 
 
3.3.6 Hip Crook Lying - Bent knee fall out 
 
The participant began in a crook lying position with both feet firmly positioned together. 
Keeping the feet together the subject allowed both knees to 'fall out' into abduction and 
external rotation until end of range was reached. A spirit was placed across the ASIS to 
ensure no unwanted pelvic rotation occurred. At end of range the examiner gave gentle 
overpressure to ensure end of range was reached. An inclinometer was placed on the 
superior part of the medial border of the tibia just inferior to the medial condyle (figure 
3.10b). The angle between the tibia and the vertical was measured. 
(a) (b) 
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3.4 Ball trajectory within match play 
3.4.1 Data analysis 
 
Ball flight trajectories were collated across sixty International test matches between 
November 2006 – September 2015, using a Hawk-eye™ ball tracking system (Hawkeye 
innovations, Basingstoke, UK). The reconstructed track device consisted of six visible-
light cameras (operating at 340 Hz), using high-speed, orthogonally-located cameras 
placed outside of the competing arena and focused on the playing wicket to track the 
ball’s flight path within this narrow field of view. 
 
Three cameras were required for the accurate tracking of each bowling delivery in three 
dimensions from ball release to the opposing batsman’s stumps. Segments of the delivery 
which were not tracked were interpolated or extrapolated using software algorithms 
(Hawkeye innovations, Basingstoke, UK). This provided quantitative bowling delivery 
data capture from a match environment in a timely and non-labour-intensive manner.  
 
3.4.2 Ball tracking 
 
At each point in time, the corresponding two-dimensional frames from different cameras 
were used to form a virtual three-dimensional space, calculating the balls location within 
the calibrated volume. A sequence of frames was then used allowing the flight of the ball 
to be calculated. As viewed in Figure 3.11, the ball contacting the playing surface may 
be not be included within the frames recorded by the camera. For example, for a finger 
spin delivery releasing the delivery at 50 mph or 22.23 m.s-1, each camera will record 
images every 0.065 m at a frame rate of 340 Hz (Figure 3.11). 
 
 
 
 
 
 
 
Figure 3.11 - Hawkeye ball tracking as simulated from a sagittal view 
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3.4.3 Identification of key instants 
 
When viewed facing the opposing batsman’s stumps, the global origin (0,0,0) was located 
at base of centre stump; the B-axis pointed from left to right, the C-axis pointed forwards 
and the D-axis was the upwards vertical (Figure 3.12c).  
 
At the instance the ball contacts the ground, bowling line was defined as the B position 
in the global coordinate system, with a negative value denoting the ball pitching to the 
left of centre stump, with a positive value denoting the ball pitching to right of centre 
stump (Figure 3.12 a). For the purpose of this study, bowling line was divided in 0.15 m 
regions whereby, to an RHB, an ‘off-stump bowling line’ denotes an B position of -0.15 
– 0m or 0 – 0.15 m to an LHB.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 - (a - b) Bowling delivery parameter classifications as determined by the 
Hawkeye ball tracking system; (c) dimensions of the stumps with global reference frame. 
(a) 
(b) 
(c) 
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Bowling length (i.e. the distance the ball pitched from the base of the opposing batsman’s 
stumps), was defined as the C position and were divided into 1m regions. The zenith 
delivery height depends on the initial release velocity ()), the delivery release angle (E), 
and the acceleration due to gravity (F). This was calculated using equation 3.1. Other 
parameters used for data analysis, along with definitions can be viewed in Table 3.3. 
 
 G = 	)4	HIJ4	E2K  
 
          (3.1) 
 
3.4.4 Metadata 
 
Metadata relating to the contextual features for each delivery including runs scored, over 
number, delivery number, opposing batsman and hand preference were also provided. 
This allowed further calculations for bowling average and economy against each 
performance parameter.  
 
Bowling average was calculated as the number of runs conceded divided by the number 
of wickets taken, whilst bowling economy was calculated as the number of runs scored 
per six-ball over bowled (RPO). For the purpose of quadratic regression analysis, bowling 
economy was calculated as runs scored per ball bowled. 
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Table 3.3 - Bowling parameter descriptors with bounds 
parameter parameter 
bounds 
descriptor 
Release velocity (mph) 40 - 60 Velocity of the ball at the point of release 
Bowling line (m) -0.6 - 0.6 B	position in the global reference frame - 
horizontal distance of the ball from centre stump 
(0,0), at the instance of ground contact 
Bowling length (m) 0 - 8m C	position in the global reference frame -distance 
between opposing batsman stumps and ball at the 
instance of ground contact 
Deviation angle (°) -9 - 9 The angle of ball deviation after the instance of 
ground contact 
Incidence angle (°) 14 - 20 The angle between ball path and ground 
immediately before the instance of ground contact 
Zenith delivery height (m) 1.8 - 2.5 Peak D position in the global reference frame of 
the ball’s trajectory during flight 
 
 
3.4.5 Data reduction 
 
Deliveries which were bowled by bowlers who exhibited a ‘suspect bowling action’ 
during the analysis period were removed from further analysis. Data were further reduced 
by the removal of outliers i.e. data points which did not meet set bounds set for each 
bowling parameter (see Table 3.3).  
 
3.4.6 Ball tracking error 
 
The international Cricket Council (ICC) (the sports international governing body), have 
previously reported mean ball tracking error in the region of 2.6 mm for the landing 
location of the ball as it meets the ground (Collins & Evans 2012). Error margin and 
frequency have been reported to vary, based on ball speed, size of the playing area and 
recording rates, whilst the magnitude of error is likely to increase with the length of the 
track that is required to be predicted (Collins & Evans 2012). 
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3.4.7 Statistical analysis 
 
All statistical analyses were performed in SPSS v.23 (SPSS Corporation, USA). The 
variation observed in each kinematic, range of motion or Hawk-eye™ parameter 
calculated (including spin rate) were assessed using an analysis of variance (ANOVA). 
For study 1, the between-trial variability was compared with the between-bowler 
variability and was found to be much smaller. In particular, the between-trial standard 
deviations of the observations ranged from 1.2% to 18.0% (mean: 4.7%) of the between-
bowler variation for the parameters calculated in study 1.  This corresponded to an intra-
class correlation coefficient (ICC) of 0.91-0.99 (mean: 0.98) which indicates good 
between-trial repeatability for the kinematic parameters calculated.  Consequently, the 
three trials analysed were averaged for each parameter to provide representative data for 
each bowler in accordance to Worthington et al., (2013).   
 
To identify the key kinematic, passive range of motion or Hawk-eye™ parameters which 
best explain the variation in the dependent variable, the parameters which were 
significantly correlated to dependent variable were entered as “candidate” variables in a 
forward stepwise linear regression model for studies 1 and 2, and quadratic regression 
models for study 3.  The entry requirement for the inclusion of a parameter into the 
regression equation was P < 0.05 with a removal coefficient of P > 0.10.  Similarly, the 
regression model was rejected if the coefficient 95% confidence intervals included zero, 
the residuals of the predictor were heteroscedastic or if the bivariate correlations, 
tolerance statistics or variance inflation factors showed any evidence of multicollinearity 
(Bowerman & O’Connell, 1990; Draper & Smith, 1998; Field, 2013; Menard, 1995; 
Myers, 1990).  The normality of the standardised residuals in the regression model was 
also confirmed via a Shapiro-Wilk test.  The percentage of variance in the dependent 
variable explained by the independent variables in the regression equation was 
determined by Wherry’s (1931) adjusted R2-value.  This represents an attempt to estimate 
the proportion of variance that would be explained by the model had it been derived from 
the population (elite finger spin bowlers) from which the sample was taken.  To overcome 
the potential limitations of stepwise linear regressions relying on a single best model, the 
explained variance for all possible regression equations with the same number of 
predictor variables as the stepwise solution was determined for comparison. 
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3.5 Chapter summary 
 
This chapter has described the full-body kinematic, range of motion and ball tracking 
analysis performed, detailing the methodologies used in studies 1 -3 (Chapters 5 - 7). 
Calculations used to determine each parameter were outlined. In addition, information 
was provided regarding the statistical methods used to generate the results found in 
studies 1 -3. 
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Chapter 4 
4 The finger spin bowling action 
 
This chapter provides an overview of the finger spin bowling technique and details of the 
technique variation displayed in the group of twenty-three elite finger spin bowlers 
involved in study 1. Key variables previously considered in the literature are reported.  
 
For the purpose of this thesis, the finger spin bowling action was considered to consist of 
four key instances: i) the run up, ii) back foot contact (BFC); iii) front foot contact (FFC), 
iv) ball release (BR) and v) follow through (FT) (Figure 2.2). The bowling techniques 
used by the participants in study 1, within these distinct instances will be reported.  
 
The 23 elite finger spin bowling participants produced ball spin rates in the range 1432 – 
2143 rpm (1685 ± 170 rpm) along with ball release speeds 17.7 – 23.4 m·s-1 (20.4 ± 1.3 
m.s-1). 
 
4.1 The run up 
 
Bowlers approached the bowling crease from a self-directed run up length unique to the 
individual. Within the group of elite finger spin bowlers tested, the approach velocity of 
the COM varied prior to the instant of back foot contact (BFC), ranged from 1.4 – 3.8 
m.s-1 (mean 2.55 ± 0.42 m.s-1). Approach speeds did not differ in range to those reported 
in previous studies on elite finger spin bowlers.  
 
4.2 Back foot contact (BFC) 
 
At the beginning of the delivery stride, coaches generally recommend a ‘side-on’ action 
for spin bowling, with the view that this instruction assists hip and shoulder rotation 
during the delivery stride (Shapiro, 2009; Woolmer & Noakes 2008). The shoulder 
alignment angle at back foot contact (BFC) was used to classify bowling actions as either: 
side-on (< 210°); mid-way (210 – 240°); or front-on (> 240°).  
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Shoulder orientation at BFC ranged from 180° – 260.6° (mean 218 ± 19.3°). Whilst 
previous research on finger spin bowlers have reported a side-on bowling action (Chin et 
al., 2009), the elite finger spin bowlers in this study predominantly bowled with a ‘mixed 
action’ (14.28% classified as using a ‘side on’ action; 64.28% classified as using ‘mixed 
action’). The separation angle between the lines of the pelvis and shoulders at the instant 
of BFC is one measure used to identify bowlers with a mixed action, where a bowler 
classified as having a mixed action if this angle exceeds 30° (Portus et al., 2004). 
 
In the current study, the pelvis-shoulder separation angle at BFC ranged from -9.0 – 46.4° 
(mean 16.1 ± 14.1°). A positive pelvis-shoulder separation angle indicates a bowler’s 
shoulders are more front-on than their pelvis. To avoid a mixed action, coaches 
recommend that the rear foot be aligned parallel to the crease to match both pelvis and 
shoulder alignments (Shapiro, 2009). At BFC, the orientation of the back foot ranged 
from 261.8 - 325.1° (mean 297.7 ± 16.8º) forming a slightly open back foot orientation 
(Figure 4.1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1- a finger spin bowler with a back-foot orientation of 317° at BFC. 
 
As the back foot connects with the ground, elite finger spin bowlers begin to counter 
rotate their shoulders relative to their pelvis. The orientation of the pelvis at BFC was 
observed to closer to side on in relation to the shoulder with the pelvis ranging from 171.9 
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– 228.6° (mean 201 ± 14.8°) with only 2 bowlers (7 %) in the sample displaying a pelvis 
orientation >180°. Shoulder orientation at the same instance ranged from 180 – 257.8º 
(mean 217 ± 19°). All bowlers formed a shoulder orientation >180° at this instance. 
23.3% of bowlers (n=7) counterrotated the pelvis <180° to a minimum angle prior to 
front foot contact, ranging from 164.3 – 212.6° (mean 186.4 ± 12.1°). The minimum 
pelvis angle occurred prior to the minimum shoulder angle, ranging from 159.8 – 198.5° 
(mean 180.8 ± 9.7°).  
 
4.3 Front foot contact (FFC) 
 
As back foot meets contact with the ground, the front leg is out stretched. The point at 
which the front foot meets the ground is considered to be front foot contact (FFC). The 
front foot is used as a pivot point from which to rotate through the front foot contact phase 
to ball release (BR). At FFC, the orientation of the front foot ranged from 311.0 - 373.0° 
(336.9 ± 17.1°). This formed an internally rotated orientation, where 360° denotes the 
front foot positioned directly toward the opposing batsman (Figure 4.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 - a finger spin bowler with a front-foot orientation of 325° at FFC 
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Coaching literature has previously suggested the pelvis and shoulder orientation remain 
side-on at FFC. The pelvis should then be rotated about a braced front leg by driving the 
rear thigh forwards (Brayshaw, 1978; Woolmer & Noakes, 2008). Bowlers orientated 
their pelvis ranging from 174 – 227.6° (mean 206 ± 10.8°; Figure 4.3). Although at this 
instance the pelvis had begun a positive rotation, the shoulders began rotation toward ball 
release slightly later in the delivery phase, ranging of 171.1 – 200° (mean 186.4± 7.4°).  
As momentum continues through to the FFC phase, toward BR, the pelvis reaches peak 
angular velocity as the bowling arm meets upper arm horizontal (UAH). This ranged 
from 409.8 – 757.3°/sec (mean 593.2 ± 100.1°/sec), whilst the pelvis-shoulder separation 
angle at front foot contact ranged from - 6.1 – 36.2° (mean 19.9 ± 10.4°). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 - a finger spin bowler with pelvis orientation of 227° at FFC, indicative of the 
max value observed in the current study. 
 
4.4 Ball release 
 
The preceding phases of the finger spin delivery build up to the final key instance of ball 
release (BR). During this instance, coaches recommend that the front foot be placed in a 
slightly closed position (Shapiro, 2009). Results indicate elite finger spin bowlers in the 
study adhered to this recommendation with front foot orientation ranging from 319.3 – 
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369.2° (mean 341.1 ± 13.8°), forming an internally rotated front foot orientation (Figure 
4.4).  
 
Coaches often use a bowler’s position at ball release (BR) to assess how well they have 
moved through the phase between FFC and BR. The finger spin bowler is recommended 
to rotate the shoulders from a side-on position at back foot contact to face the batsman at 
release, without being completely ‘chest on’ (Woolmer & Noakes, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 - a finger spin bowler with a front foot forming an internally rotated foot 
orientation (322°) at BR.  
 
In the current study, orientation of the pelvis at ball release (BR) ranged from 225 - 294° 
(mean 262 ± 13.2°). 77% of bowlers positioned the pelvis < 270° at BR (Figure 4.5). 
Rotation of the pelvis between BFC and BR varied greatly, ranging from 16.6 – 102.9° 
(mean 59.2 ± 22.0°). Similar ranges of shoulder rotation were observed between the same 
instances ranging from 12.4 – 128.5° (mean 57.3 ± 33.7°).  
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The mean shoulder orientation at BR within the sample were 279.1 ± 26.1° (range 204.9 
– 332.1°). When compared to the pelvis, only 36.7% of bowlers orientated the shoulder 
<270° at the point of ball release. The separation angle between the pelvis and shoulders 
at ball release ranged from -52.9 – 43.7° (mean -17.6 ± 18.1°).  
 
The mean orientation of the trunk during this phase of the action were 32.3 ± 5.7° of 
flexion (range 23.34 – 43.12°). The amount the elbow of the bowling arm either flexes 
or extends is assessed between when the upper arm is horizontal (UAH) in the global 
frame and ball release (BR). Elbow extension ranged from 0 -15° (mean 10.6 ± 6.1°). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 - a finger spin bowler with the pelvis forming an orientation past ‘front on’ at 
BR (289°), indicative of the max value observed in the current study. 
 
4.5 Follow through 
 
The final phase of the bowling delivery is the follow through (FT). Previously published 
coaching literature suggests that finger spin bowlers should aim to complete their bowling 
action with a full 180° rotation from side on at BFC to FT (Woolmer & Noakes, 2008). 
The orientation of the pelvis at FT ranged from 307. 2 - 375° (343/1 ± 17.1), whilst the 
shoulders ranged from 314.1 – 387.6 (351.1 ± 22.2). This indicates that following ball 
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release, bowlers continued to rotate the pelvis and shoulders a further 78° and 72° 
respectively. With respect to recommendations within coaching literature, elite finger 
spin bowlers rotated the pelvis and shoulders 158.0 ± 23.7° and 171.3 ± 23.5°. This 
indicates increased rotation of the thorax with respect to the pelvis, with neither segment 
rotating a full 180° from BFC to FT. Once the ball is released, the front foot pivots as the 
pelvis and shoulder rotate. On average, the front foot rotated 107 ± 32.4°.  The range of 
front foot rotation to FT ranged greatly however from 16.0 – 158.5° 
 
4.6 Chapter summary 
 
This chapter has provided an overview of the key phases of the finger spin bowling 
technique, whilst providing a descriptive overview regarding the techniques adopted by 
the finger spin bowling participants in Chapter 5. The following three chapters are in the 
form of papers, each paper address one of the research questions posed in Chapter 1.  
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Chapter 5 
5 Kinematic parameters contributing to the production of spin in elite finger 
spin bowling 
 
5.1 Abstract 
 
The aim of this study was to identify the key kinematic parameters which contribute to 
higher spin rates in elite finger spin bowling.  Kinematic data were collected for twenty-
three elite male finger spin bowlers with thirty kinematic parameters calculated for each 
delivery.  Stepwise linear regression and Pearson product moment correlations were used 
to identify kinematic parameters linked to spin rate.  Pelvis orientation at front foot 
contact (r = 0.674, p < 0.001) and ball release (r = 0.676, p < 0.001) were found to be the 
biggest predictors of spin rate, with both individually predicting 43% of the observed 
variance in spin rate.  Other kinematic parameters correlated with spin rate included: foot 
orientation at back foot contact (r = 0.433, p = 0.039) and foot orientation at front foot 
contact (r = 0.416, p = 0.048), shoulder orientation at ball release (r = 0.462, p = 0.027), 
and pelvis-shoulder separation angle at front foot contact (r = 0.521, p = 0.011).  The 
bowlers with the highest spin rates adopted a mid-way pelvis orientation angle, a larger 
pelvis-shoulder separation angle and a shoulder orientation short of side-on at front foot 
contact.  During the front foot contact phase, the segments rotated sequentially, starting 
with the pelvis and finishing with the pronation of the forearm.  This knowledge can be 
translated to coaches to provide a better understanding of the finger spin bowling 
technique characteristics associated with higher spin rates.   
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5.2 Introduction 
 
In cricket, successful spin bowlers attempt to deviate the ball in the air (either horizontally 
and/or vertically due to the Magnus force (Sayers & Hill, 1999)) and off the pitch in an 
attempt to deceive the opposing batter (Woolmer & Noakes, 2008).  The amount of spin 
is considered a major contributor to spin bowling success with elite finger spin bowlers 
having been shown by Chin et al. (2009) to deliver the ball with more spin than their sub-
elite counterparts (1602 ± 276 vs. 1332 ± 228 rpm).  Relatively few investigations have 
sought to identify the aspects of finger spin bowling technique that are linked to spin rate 
and how these aspects of technique may interact with one another, in an attempt to 
understand how certain bowlers are able to release the ball with higher spin rates than 
others.  This scarcity of finger spin bowling research has resulted in the coaching and 
talent identification of spin bowlers to be based on anecdotal evidence (Feros et al., 2017). 
Coaching literature suggests that the optimal technique for finger spin bowling is one 
where the pelvis and shoulders rotate from a side-on position during the delivery stride, 
to front-on at ball release (Woolmer & Noakes, 2008).  It is believed that in order to 
optimise this movement and complete the closed kinetic chain (Neumann, 2010), the 
pelvis should be rotated about a braced front leg by driving the rear thigh forwards 
(Brayshaw, 1978; Woolmer & Noakes, 2008).  The movement of the bowling arm is also 
highlighted as important in the production of spin on the ball with particular focus on the 
rotations of the forearm and wrist (Woolmer & Noakes, 2008). 
 
Previous biomechanical investigations into the technique parameters associated with 
higher spin rates are limited. Although Freeston et al. (2007) highlighted the importance 
of experience on throwing performance, the first investigation by Chin et al. (2009) 
sought to identify the kinematic differences been elite and sub-elite (high performance) 
finger spin bowlers in an attempt to quantify which technique parameters were key to 
imparting spin on the ball.  They found that the six elite (international) bowlers were 
more side-on at back foot impact and had larger pelvis and shoulder rotations between 
back foot contact and ball release than their sub-elite counterparts.  Elbow extension was 
also shown to differ between the groups of bowlers with the elite bowlers exhibiting more 
elbow extension than the sub-elite.  Forearm pronation and wrist flexion although not 
significantly different were concluded to also contribute to higher spin rates and ball 
speeds between the two groups.  
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The second investigation by Beach et al. (2017) using club level bowlers linked 
sequencing kinematics (velocities and temporal occurrence) with spin rate using a 
correlation analysis and a generalised linear model.  Spin bowlers were found to generally 
adhere to a proximal to distal sequence with the segmental motion progressing from the 
pelvis to the trunk and then the bowling arm.  In addition, maximum rear hip flexion 
velocity was significantly correlated to spin rate and thus provided evidence to support 
the anecdotal coaching literature which suggests that the kinematics of the back leg 
contributes to rotating the pelvis around the longitudinal axis of a braced front leg.  There 
was no evidence however to suggest that the knee should be kept braced.  Finally, 
examining the movement of the bowling arm, they discovered that maximum internal 
shoulder rotation velocity correlated to spin rate.  This was deemed to be similar to other 
throwing movements where long-axis rotation of the upper-arm contributes to end-
effector speed (Marshall & Elliott, 2000).  
 
Although these two investigations have addressed the question of which aspects of finger 
spin bowling technique determine the amount of spin with which the ball is released, it 
is not clear whether this is the case for elite finger spin bowlers.  The aim of the current 
study was to identify the key kinematic parameters of an elite spin bowler’s technique 
which can predict spin rate. 
 
5.3 Methodology 
 
5.3.1 Data collection 
 
Twenty-three elite male finger spin bowlers (mean ± SD: age 22.0 ± 4.6 years; height 
1.80 ± 0.62 m; body mass 78.0 ± 10.9 kg) participated in the study.  All bowlers were 
identified as “elite finger spin bowlers” by the England and Wales Cricket Board (ECB) 
spin bowling national coach.  Each bowler was either a member of the England men’s 
senior, A or U19 cricket team, or a current professional first-class county player and 
identified by the ECB spin bowling national coach as having the potential to play 
international cricket within the next 5 years.  All bowlers were deemed fit to bowl by 
their County or National Team Physiotherapist.  The testing procedures were explained 
to each bowler and informed consent was obtained in accordance with the guidelines of 
 
 
71 
 
the Loughborough University Ethical Advisory Committee (Appendix C).  All bowlers 
conducted a thorough self-selected warm-up before data collection.   
Fifty-six 14 mm retro-reflective markers were attached to each bowler positioned over 
bony landmarks.  Ten maximal spin rate deliveries of a good length were recorded using 
an 18 camera (MX13) Vicon Motion Analysis System (OMG Plc, Oxford, UK) operating 
at 300 Hz on a standard length indoor artificial cricket pitch, where bowlers were able to 
use their full run-up.  A static trial was performed for each bowler allowing body segment 
lengths and a neutral spine position to be calculated (Ranson et al., 2008).  Ninety-five 
anthropometric measurements were also taken enabling subject-specific segmental 
inertia parameters to be determined for each bowler using the mathematical model of 
Yeadon (1990)(Appendix D).  Spin rate was recorded using the Doppler radar system, 
Trackman (Trackman A/S, Denmark). 
 
5.3.2 Data processing 
 
Three bowling trials for each bowler (maximum spin rate deliveries with minimal marker 
loss) were manually labelled and processed within Vicon’s software (OMG Plc, Oxford, 
UK).  The marker trajectories were then filtered using a recursive fourth-order low-pass 
Butterworth filter with a cut-off frequency of 30 Hz (determined using the Residual 
Analysis methodology described by Winter, 1990).  The key instants of back foot contact 
(BFC), front foot contact (FFC), ball release (BR) and follow through (FT) were 
identified using the motions of the markers throughout the action.  BFC was defined as 
the first frame in which the back-foot’s motion was visually observed to change due to 
contact with the ground during the delivery stride.  Similarly, FFC corresponded to the 
first frame that the front foot contacted with the ground during the delivery stride and FT 
corresponded to the foot contact after FFC.  BR was identified using the time history of 
the distance between the ball and the wrist joint centre.  The frame corresponding to ball 
release was defined as the first frame in which this distance increased by more than 20 
mm relative to the distance in the previous image (Worthington et al., 2013). 
 
Three-dimensional joint centre time histories for the ankle, knee, shoulder, elbow, and 
wrist joint centres were calculated from the pair of markers placed across each joint, 
positioned such that their midpoint coincided with the joint centre (Worthington et al., 
2013).  The hip joint centre time histories were calculated from markers placed over the 
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left and right anterior superior iliac spine and the left and right posterior superior iliac 
spine (Davis et al., 1991).  The endpoints of the lower and upper trunk segments were 
defined using the four markers on the pelvis in addition to markers placed over the 
cephalad and caudad ends of the sternum as well as the spinous processes of L1, T10 and 
C7 (Roosen & Pain, 2007). 
 
Local reference frames were defined comprising a three-dimensional full-body 18-
segment representation of a bowler (head and neck; upper trunk; lower trunk; pelvis; 2 × 
arm; 2 × lower-arm; 2 × hand; 2 × upper-leg 2 × lower-leg; and 2 × two-segment foot).  
Reference frames were defined using three markers on the segment itself, allowing 
segment orientations and joint angles to be calculated.  The z-axis pointed upwards along 
the longitudinal axis of the segment, the x-axis pointed toward the bowler’s right with 
the y-axis pointing forward.  Similarly, a global coordinate system was defined with the 
y-axis pointing down the wicket, toward the batsman, the x-axis pointing to the right and 
the z-axis representing the upwards vertical.  Joint angles were calculated as Cardan 
angles, defined as a parent-child coordinate system.  This defines the rotation applied to 
the parent coordinate system (proximal segment) to bring it into coincidence with the 
coordinate system of the child segment (distal segment).  Rotation angles were calculated 
using an xyz sequence, corresponding to flexion-extension, abduction-adduction, and 
longitudinal rotation, respectively (Worthington et al., 2013).  
 
Run-up velocity (in the global y-direction) was calculated as the mean mass centre 
velocity over a period of 18 frames (0.060 s) immediately before the instant of BFC and 
the orientation of the shoulders and pelvis were calculated by projecting their respective 
joint centres onto the transverse plane (Worthington et al., 2013).  All orientations for 
both left and right-handed bowlers were expressed using definitions based on a right-
handed bowler.  A bowler facing directly down the wicket (front-on) was defined to have 
a shoulder and pelvis orientation angle of 270°, a side-on position corresponded to an 
orientation angle of 180° (Figure 5.1a).  The pelvis-shoulder separation angle was 
calculated by subtracting the pelvis orientation angle from the shoulder orientation angle.  
The orientations of the front and back foot were also calculated in the transverse plane. 
A foot pointing directly down the wicket was defined to have a foot orientation angle of 
360°, and a foot position parallel to the stumps corresponded to an orientation angle of 
270° (Figure 5.1b). 
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Figure 5.1 - (a) shoulder and pelvis orientation angles in the transverse plane, (b) foot 
orientation angles in the transverse plane. 
 
5.3.3 Data analysis 
 
Thirty kinematic parameters were determined for each bowling trial, defining key 
kinematic aspects of spin bowling technique (Table 5.1). All statistical analyses were 
performed within SPSS v.23 (SPSS Corporation, USA).  The variation observed in each 
technique parameter calculated (including spin rate) was assessed using an analysis of 
variance (ANOVA).  The between-trial variability was compared with the between-
bowler variability and was found to be much smaller. In particular, the between-trial 
standard deviations of the observations ranged from 1.2% to 18.0% (mean: 4.7%) of the 
between-bowler variation for the parameters calculated in this study.  This corresponded 
to an intra-class correlation coefficient (ICC) of 0.91-0.99 (mean: 0.98) which indicates 
good between-trial repeatability for the kinematic parameters calculated.  Consequently, 
the three trials analysed were averaged for each parameter to provide representative data 
for each bowler (Worthington et al., 2013).   
 
Correlations between each kinematic (independent) variables and ball spin rate 
(dependent variable) were assessed using Pearson product moment correlation analyses.  
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An alpha value of 0.05 was used to determine significance; however, due to the 
exploratory nature of the study, variables with alpha values up to 0.1 were noted in the  
Results (section 5.4) and Discussion (section 5.5).  
 
To identify the key kinematic parameters which best explain the variation in spin rate, 
the parameters which were significantly correlated to spin rate were entered as 
“candidate” variables in a forwards stepwise linear regression model.  The entry 
requirement for the inclusion of a parameter into the regression equation was P < 0.05 
with a removal coefficient of P > 0.10.  Similarly, the regression model was rejected if 
the coefficient 95% confidence intervals included zero, the residuals of the predictor were 
heteroscedastic or if the bivariate correlations, tolerance statistics or variance inflation 
factors showed any evidence of multicollinearity (Bowerman & O’Connell, 1990; Draper 
& Smith; 1998; Field, 2013; Menard, 1995; Myers, 1990).  The normality of the 
standardised residuals in the regression model was also confirmed via a Shapiro-Wilk 
test.  The percentage of variance in the dependent variable (spin rate) explained by the 
kinematic (independent) variables in the regression equation was determined by 
Wherry’s (1931) adjusted R2-value.  This represents an attempt to estimate the proportion 
of variance that would be explained by the model had it been derived from the population 
(elite finger spin bowlers) from which the sample was taken.  To overcome the potential 
limitations of stepwise regressions relying on a single best model, the explained variance 
for all possible regression equations with the same number of predictor variables as the 
stepwise solution was determined for comparison.  
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5.4 Results 
 
The 23 participants produced ball spin rates in the range 1432 – 2143 rpm (1685 ± 170 
rpm) along with ball release speeds 17.7 – 23.4 m·s-1 (20.4 ± 1.3 m·s-1).  Eight of the 30 
kinematic parameters (Table 5.1) were found to be linearly correlated with spin rate 
(Table 5.2) and put forwards as “candidate” variables for entry into the linear regression.  
A further four parameters were found to be correlated to spin rate with alpha values of 
less than 0.1. 
 
The “candidate” variables were investigated initially for multicollinearity using bivariate 
correlations.  Since the minimum shoulder orientation from BFC to BR was significantly 
correlated with both minimum pelvis orientation from BFC to BR and the shoulder 
orientation at FFC with a Pearson’s correlation coefficient greater than 0.80 it was 
removed as a candidate variable (Field, 2013).  All other significant correlations between 
candidate variables were below the 0.80 threshold and therefore it was deemed 
appropriate to enter them into the forwards stepwise linear regression.  
 
The best individual predictor of ball spin rate was the pelvis orientation at the instant of 
BR, explaining 43.1% of the variation in ball spin rate (Table 5.3, Figure 5.2a).  A pelvis 
orientation which surpassed front-on (>270°) characterised the bowlers with the highest 
spin rates.  There was insufficient evidence (P > 0.05) supporting the addition of any 
further variables into the regression equation (Table 2).  When trying all the possible 
combinations of candidate variables in the regression equation a model explaining 42.9% 
of the variance in spin rate was found using the orientation of the pelvis at FFC as the 
predictor variable (Table 5.3, Figure 5.2b).  This indicates, along with the strong positive 
correlation between the orientation of the pelvis at FFC and BR (r = 0.751 p < 0.01), that 
the orientation of the pelvis throughout the finger spin bowling action was a key 
technique parameter to increasing spin rate within this sample of elite bowlers.  No other 
combinations of candidate variables with significant p-values which could explain the 
variance in spin rate were found when trying all other possible combinations 
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Table 5.1 - 30 kinematic (technique) parameters; range, mean, standard deviation 
 
Abbreviations: back foot contact (BFC); front foot contact (FFC); ball release (BR), follow through (FT), 
upper arm horizontal (UAH). 
 
 
 
kinematic parameter range mean ± SD 
run-up velocity (m/s) 1.4 - 3.7 2.53 ± 0.48 
back foot orientation at BFC (°)  261.8 - 325.1 297.7 ± 16.8 
front foot orientation at FFC (°)  311.0 - 373.0 336.9 ± 17.1 
front foot orientation at BR (°)  314.3 - 370.8 343.9 ± 13.9 
front foot rotation from BR to FT (°)  16.0 - 158.5 107.0 ± 32.4 
pelvis orientation at BFC (°)  171.9 - 226.9 199.8 ± 14.0 
pelvis orientation at FFC (°)  175.3 - 226.6 204.6 ± 13.3 
pelvis orientation at BR (°) 225.0 - 294.6 265.9 ± 14.2 
pelvis orientation at FT (°) 307.2 - 375.0 343.1 ± 17.1 
minimum pelvis orientation from BFC to BR (°)  163.0 - 211.4 185.1 ± 13.3 
pelvis rotation from BFC to BR (°) 55.0 - 111.2 80.8 ± 14.7 
pelvis rotation from BFC to FT (°) 109.7 - 198.8 158.0 ± 23.7 
shoulder orientation at BFC (°)  180.0 - 260.6 218.0 ± 19.3 
shoulder orientation at FFC (°)  160.0 - 198.7 183.7 ± 9.5 
shoulder orientation at BR (°) 204.8 - 332.1 279.4 ± 29.6 
shoulder orientation at FT (°) 314.1 - 387.6 351.1 ± 22.2 
minimum shoulder orientation from BFC to BR (°)  159.8 - 198.5 181.1 ± 9.3 
shoulder rotation from BFC to BR (°) 50.0 - 156.2 98.5 ± 28.5 
shoulder rotation from BFC to FT (°) 123.7 - 212.5 171.3 ± 23.5 
trunk flexion from FFC to BR (°) 10.4 - 55.4 28.7 ± 11.7 
pelvis-shoulder separation at BFC (°) -34.4 - 8.9 -18.3 ± 13.8 
pelvis-shoulder separation at FFC (°) -2.4 - 38.2 20.9 ± 9.8 
pelvis-shoulder separation at BR (°) -52.5 - 43.7 -13.6 ± 22.5 
elbow extension from UAH to BR (°) 0.0 - 10.5 3.65 ± 3.24 
front knee extension from FFC to BR (°) -35.3 – 18.2 -9.5 ± 17.0 
front hip internal rotation from FFC to BR (°) 13.6 – 71.2 41.2 ± 15.1 
trunk rotation from FFC to BR (°) 0.0 – 21.5 7.2 ± 5.3 
bowling shoulder internal rotation from FFC to BR (°) 8.9 – 51.5 20.2 ± 9.0 
bowling forearm pronation from FFC to BR (°) 0.2 – 21.6 11.0 ± 6.4 
wrist flexion from FFC to BR (°) 0.2 – 52.2 30.0 ± 14.4 
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Table 5.2 – Bi - variate correlations between spin rate and the 30 kinematic (technique) 
parameters 
 
** Correlation to spin rate significant at the 0.05 level, * Correlation to spin rate significant at the 0.1 level. 
Abbreviations: back foot contact (BFC); front foot contact (FFC); ball release (BR), follow through (FT), upper arm 
horizontal (UAH). 
  confidence intervals  
kinematic parameter r lower bound upper bound P 
run-up velocity (m/s) -.155 -.432 .192 .481 
back foot orientation at BFC (°)  .433** .132 .700 .039 
front foot orientation at FFC (°)  .416** .043 .696 .048 
front foot orientation at BR (°)  .336 -.003 .596 .117 
front foot rotation from BR to FT (°)  .023 -.346 .377 .918 
pelvis orientation at BFC (°)  .379* .087 .644 .075 
pelvis orientation at FFC (°)  .674** .401 .837 <.001 
pelvis orientation at BR (°) .676** .398 .822 <.001 
pelvis orientation at FT (°) .236 -.272 .578 .278 
minimum pelvis orientation from BFC to BR (°)  .545** .137 .790 .007 
pelvis rotation from BFC to BR (°) .161 -.261 .550 .463 
pelvis rotation from BFC to FT (°) -.135 -.451 .227 .539 
shoulder orientation at BFC (°)  .153 -.327 .510 .485 
shoulder orientation at FFC (°)  .405* .124 .635 .055 
shoulder orientation at BR (°) .462** .183 .705 .027 
shoulder orientation at FT (°) .293 -.206 .604 .175 
minimum shoulder orientation from BFC to BR (°)  .430** .108 .649 .041 
shoulder rotation from BFC to BR (°) .341 -.003 .652 .111 
shoulder rotation from BFC to FT (°) .113 -.338 .446 .609 
trunk flexion from FFC to BR (°) .229 -.082 .554 .293 
pelvis-shoulder separation at BFC (°) .170 .276 .696 .439 
pelvis-shoulder separation at FFC (°) .521** .138 .720 .011 
pelvis-shoulder separation at BR (°) -.181 -.502 .138 .407 
elbow extension from UAH to BR (°) -.078 -.393 .296 .722 
front knee extension from FFC to BR (°) .156 -.393 .565 .477 
front hip internal rotation from FFC to BR (°) .371* -.069 .711 .082 
trunk rotation from FFC to BR (°) .057 .-444 .490 .798 
bowling shoulder internal rotation from FFC to BR (°) -.031 -.414 .329 .887 
bowling forearm pronation from FFC to BR (°) .409* -.030 .771 .053 
wrist flexion from FFC to BR (°) -.133 -.590 .223 .544 
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Table 5.3 - Regression equations for spin rate (P < 0.05) 
   95% confidence intervals   
model kinematic parameters coefficient lower bound upper bound p percentage explained 
a pelvis orientation at FFC (°) 8.093 4.088 12.099 0.001 43.1% 
b pelvis orientation at BR (°) 8.656 4.354 12.958 0.001 42.9% 
Abbreviations: front foot contact (FFC); ball release (BR). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 - Predicted spin rate against actual spin rate for the two stepwise regression 
equations (a–b; Table 3). With a higher percentage of the variation in spin rate explained 
the closer the data points lie to the dashed line y = x (predicted spin rate = actual spin 
rate). 
 
 
5.5 Discussion 
 
The current study aimed to investigate optimal finger spin bowling technique using 
correlation and regression analyses to explain the differences in spin rate among elite 
finger spin bowlers.  The coaching literature has previously suggested that optimal 
technique for a finger spin bowler is one where the pelvis and shoulders rotate from a 
side-on position during the delivery stride, to front-on at ball release (Woolmer & 
43.1% of the variance explained by 
Pelvis orientation at FFC 
42.9 % of the variance explained by 
Pelvis orientation at BR 
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Noakes, 2008).  To achieve this the rear foot should land parallel to the popping crease 
with the orientation of the pelvis and hips side-on to the target. The pelvis and shoulder 
orientation should remain side-on at FFC.  The pelvis should then be rotated about a 
braced front leg by driving the rear thigh forwards (Brayshaw, 1978; Woolmer & Noakes, 
2008).  The rotation of the shoulders should follow before finally the movements of the 
forearm and wrist, which are also considered of particular importance (Woolmer & 
Noakes, 2008).  The results of this investigation however indicate that higher spin rates 
are not associated with pelvis and shoulder orientations which rotate from side-on to 
front-on between FFC and BR.  The bowlers with the highest spin rates adopted a mid-
way pelvis orientation angle, a larger pelvis-shoulder separation angle and a shoulder 
orientation short of side-on at FFC.   
 
The orientation of the pelvis was shown to be the most important technique parameter 
with respect to increasing spin rate.  The regression analysis found two models capable 
of explaining a very similar amount of the variance in spin rate (42.9% and 43.1%) using 
the orientation of the pelvis at FFC and BR, respectively.  The bowlers with the highest 
spin rates were found to have a pelvis orientation which was around mid-way (225°) at 
FFC and then rotated past front-on (270°) at ball release.  The position of the pelvis was 
evident throughout the delivery stride highlighted by positive correlations to spin rate for 
the minimum pelvis orientation between FFC and BR as well as the pelvis orientation at 
BFC.  This in contrast to previously published coaching literature which recommends 
that the pelvis should rotate from side-on during the delivery stride to front-on at ball 
release (Woolmer & Noakes, 2008).  
 
Previous research has found that the amount of pelvis rotation has been linked to higher 
spin rates (Chin et al., 2009).  Although there were no significant correlations when 
calculating pelvis rotation in the transverse plane, the amount of internal hip rotation of 
the non-dominant limb (front hip) between FFC and BR was positively correlated to spin 
rate with an alpha value less than 0.1.  This suggests that those bowlers with the highest 
spin rates internally rotate at the hip to rotate their pelvis orientation in the transverse 
plane.  To do this they likely drive their rear thigh forwards as has been suggested in the 
coaching literature (Woolmer & Noakes, 2008) and by Beach et al. (2017).  No evidence 
however has been found in this research to suggest that this rotation should occur about 
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a braced front knee as suggested in the coaching literature (Brayshaw, 1978; Woolmer & 
Noakes, 2008).  
Existing coaching literature recommends that the pelvis and shoulder orientations remain 
side-on at FFC (Woolmer & Noakes, 2008) implying there is little to no separation 
between them.  The significant positive correlation between pelvis-shoulder separation 
at FFC and spin rate indicates that larger pelvis-shoulder separation angles at FFC are 
associated with increased spin rates which contradicts the coaching advice.  Furthermore, 
the positive correlation between spin rate and shoulder orientation, suggests that the 
shoulder orientation should not be completely side-on at FFC but slightly more open 
(towards mid-way).  It is speculated that adopting a shoulder orientation beyond side-on 
at FFC is likely to leave the body in a position where it is extremely difficult to complete 
the bowling action.  The bowlers with the highest spin rates adopted a mid-way pelvis 
orientation angle, a larger pelvis-shoulder separation angle and a shoulder orientation 
short of side-on at FFC. Further investigation is required to understand the movement 
between BFC and FFC which allows elite spin bowlers to adopt this position. 
 
The significant positive correlation of spin rate with the shoulder orientation at BR is also 
in contrast to the coaching literature.  The coaching literature suggests that the bowler 
should rotate the shoulders to face the batsman at ball release, without being completely, 
‘front-on’ (Woolmer & Noakes, 2008).  The results in this study indicate that the 
shoulders should rotate past front-on at BR.  This contrast to the coaching literature is 
likely to be due to the shoulders being in a less side-on position at FFC.  It is speculated 
however that an advantage of a shoulder orientation past front-on at BR is that this allows 
the arm to be in the optimal position at BR so that the motion of the arm acts towards the 
target. Interestingly, this is differed significantly to the tactics applied by elite wrist spin 
bowlers to impart high magnitudes of spin, forming a ‘mid-way’ shoulder orientation at 
ball release (>220 o) (see Appendix A) 
 
The movements of the bowling arm and fingers have been considered of particular 
importance in spin bowling (Woolmer & Noakes, 2008) yet little is understood on what 
the optimal movement pattern is for an elite finger spin bowler.  Previous research has 
indicated that the final components of the movement pattern in throwing and upper limb 
striking skills comprise of the internal rotation of the upper arm and pronation of the 
forearm (Marshall & Elliott, 2000).  The results of this study suggest that unlike throwing 
 
 
81 
 
or upper limb striking skills, there was no link between the internal rotation of the upper 
arm and spin rate.  The pronation of the forearm, however, was linked to higher spin rates 
in this sample of finger spin bowlers (Table 5.2).  It is probable that these finger spin 
bowlers kept their shoulders externally rotated through to BR in order to keep the wrist 
and fingers on the correct side of the ball whilst maintaining a straight arm.  They then 
pronated the forearm before and during ball release which allowed the fingers to remain 
in contact with the surface of the ball for longer, resulting in a larger impulse being 
applied, and thus increasing the amount of spin on the ball.  
 
The positive correlations of the orientation of the back foot and front foot at initial ground 
contact with spin rate, suggests the feet should point more towards the target.  This is 
expected since these orientations will allow the pelvis to adopt a more open position. This 
is however again in contrast with the coaching literature which advocates that the back 
foot should be aligned parallel to the crease (Woolmer & Noakes, 2008).  
 
The evidence that finger spin bowlers use pelvis-shoulder separation to generate higher 
spin rates suggests that finger spin bowling is a movement in which the segmental 
rotations occur sequentially (Bartlett, 2007).  This is in disagreement with the findings 
by Beach et al. (2017) who suggest that the segments move in a push-like movement.  
This study suggests that elite finger spin bowlers use a technique which maximises the 
separation between the pelvis and shoulders to utilise the stretch shortening cycle of the 
trunk and shoulder musculature similar to other throwing and upper limb striking skills.    
One of the limitations of using experimental methods to investigate whether the optimal 
technique for an activity is correct in the coaching literature is that the techniques of the 
participants are likely to have been influenced by the current coaching beliefs.  In order 
to overcome this, a large sample size is required.  The sample of 23 elite finger spin 
bowlers is a relatively large sample of this particular population.  Nevertheless, this still 
only resulted in one technique parameter being entered into the regression equation.  
Since there are many biomechanical factors between the pelvis and the ball which could 
influence spin rate but are not as highly correlated with spin rate as the pelvis, it was 
decided to comment on technique parameters from the correlations which were 
significant with an alpha value of 0.1 in order to identify relationships of potential 
interest. A further limitation of the current study is the absence of the assessment of finger 
motion on spin rate.  In the future, this sample could be added to, the effect of the fingers 
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on spin rate investigated (Karadenizli et al., 2014), or a theoretical approach be adopted 
to provide more insight on optimal technique to produce higher spin rates and how 
optimal technique might vary from bowler to bowler (Yeadon & King, 2008).  
 
5.6 Conclusions 
 
The results of this study suggest that higher spin rates can be achieved by using a finger 
spin bowling technique where the pelvis orientation is less side-on than previously 
recommended.  This allows a larger pelvis-shoulder separation angle and a shoulder 
orientation short of side-on at FFC.  During the FFC phase, the segments rotated 
sequentially, starting with the pelvis and finishing with the pronation of the forearm.  The 
results of this investigation are likely to be very useful in the coaching of finger spin 
bowlers, as well as talent identification. 
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Chapter 6 
 
6 Passive range of motion of the hips and shoulders and their relationship with 
ball spin rate in elite finger spin bowlers 
 
6.1 Abstract 
 
The aims of the study were to investigate rotational passive range of motion of the hips 
and shoulders for elite finger spin bowlers and their relationship with ball spin rate. Spin 
rates and twelve rotational range of motion measurements for the hips and shoulders were 
collected for sixteen elite male finger spin bowlers.  Side to side differences in the 
rotational range of motion measurements were assessed using paired t-tests. Stepwise 
linear regression and Pearson product moment correlations were used to identify which 
range of motion measurements were linked to spin rate. Side to side differences were 
observed with greater external rotation (p = 0.039) and lesser internal rotation (p = 0.089) 
in the bowling shoulder, and greater internal rotation in the front hip (p = 0.041).  Total 
arc of rotation of the front hip was found to be the best predictor of ball spin rate (r = 
0.552, p = 0.027), explaining 26% of the observed variance.  Internal rotation of the rear 
hip (r = 0.466, p = 0.059) and the bowling shoulder (r = 0.476, p = 0.063) were also 
associated with spin rate. Findings suggest he technique and performance of elite finger 
spin bowlers may be limited by the passive range of motion of their hips and shoulders.  
The observed side to side differences may indicate that due to the repetitive nature of 
finger spin bowling adaptive changes in the rotational range of motion of the hip and 
shoulder occur in elite finger spin bowlers. 
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6.2 Introduction 
 
Spin rate is considered a major contributor to finger spin bowling success (Chin et al., 
2009). The finger spin bowling action is an example of an overhand throw where energy 
generated in the lower extremities is transferred through the trunk to the upper extremity 
and finally to the ball (Chapter 5; Beach et al., 2018). This movement places 
asymmetrical impacts and loads on the upper and lower extremities (McCulloch et al., 
2014). While studies have examined the impact of these asymmetrical loads on the 
rotational passive range of motion (PROM) of the hip and shoulder joints in overhand 
throwing activities such as baseball and tennis (McCulloch et al., 2014), research on the 
rotational PROM and its effect on performance in elite finger spin bowlers is scarce.  
 
Hip and pelvic motion has been found to be an essential component of the finger spin 
bowling action (Chapter 5; Beach et al., 2018). There are no studies however reporting 
the rotational PROM in elite finger spin bowlers.  Studies investigating hip rotation 
PROM in baseball have been conducted with conflicting results.  Although some studies 
have reported finding more internal rotation and less external rotation PROM in the 
stance leg compared to the stride leg, (McCulloch et al., 2014; Robb et al., 2010; Tippett 
et al., 1986), others have reported no differences (Ellenbecker et al., 2007; Sauers et al., 
2014; Laudner et al., 2010). 
 
The movement of the bowling arm is also considered important in finger spin bowling, 
with the long-axis rotation of the upper-arm previously linked with spin rate (Chapter 5; 
Beach et al., 2018). Research investigating side to side differences in shoulder rotation 
PROM is common in baseball, but only Sundaram et al. (2012) has investigated this for 
finger spin bowlers. They found that in academy spin bowlers the bowling shoulder had 
more external rotation and less internal rotation PROM than the non-bowling shoulder.  
A finding which agrees with most research on baseball pitchers (Crockett et al., 2002; 
Downar & Sauers, 2005; Borsa et al., 2008; Wilk et al., 2011). 
 
Other studies on cricketers have been descriptive or compared shoulder range of motion 
in cohorts with and without shoulder pain (Sundaram et al., 2012; Giles & Musa, 2008; 
Steuelken et al., 2008; Green et al., 2013). Although one study has compared lumbar and 
hip PROM in female fast bowlers with and without lower back pain (Steuelken et al., 
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2008). A similar theme is found when considering overhand throwing or striking skills 
with descriptive or comparison studies grouping participants based on either: injury 
(Young et al., 2014; Li et al., 2015), age (Beckett et al., 2014; Picha et al., 2016), gender 
(Elenbecker et al., 2007; Moreno-Pérez et al., 2016), sport (Elenbecker et al., 2007) or 
playing role (Sauers et al., 2014; Sundaram et al., 2012). The only studies investigating 
PROM on performance investigated hip PROM and its relationship with pitching 
kinematics and ball velocity (Robb et al., 2010; Laudner et al., 2015). Both studies 
investigated the effect of the total arc of hip rotation PROM of the stance hip on 
performance in professional baseball pitchers and observed significant correlations with 
the amount of external rotation torque at the shoulder (Laudner et al., 2015) and ball 
release velocity (Robb et al., 2010). 
 
Although descriptive hip and shoulder rotational PROM data exists for a range of 
overhand throws or striking skills, it has yet to be defined in elite finger spin bowling.  
Furthermore, the relationship between hip and shoulder rotation PROM measurements 
and performance remains unknown. The aim of this study was to investigate rotational 
PROM for the hips and shoulders in elite finger spin bowlers and their relationship with 
spin rate.  
 
6.3 Methods 
 
6.3.1 Data collection 
 
Sixteen males (mean ± SD: age 22.2 ± 4.0 years; height 1.81 ± 0.66 m; body mass 78.9 
± 12.3 kg) identified as “elite finger spin bowlers” by the England and Wales Cricket 
Board (ECB) spin bowling national coach participated in this study.  A bowler was 
considered elite if they were either a member of the England men’s senior, A or U19 
cricket team, or a current professional first-class county player identified by the ECB as 
having the potential to play international cricket within the next 5 years.   The testing 
procedures were explained to each bowler and informed consent was obtained in 
accordance with the guidelines of the Loughborough University Ethical Advisory 
Committee (Appendix C). 
 
 
 
 
86 
 
 
Prior to bowling, each bowler underwent a series of PROM measurements, as described 
in Table 6.1.  The order of the measurements was kept consistent with the left-hand side 
of the body being assessed first.  Each PROM measurement was performed by the same 
examiner, who was an experienced physiotherapist with a Master’s degree in 
manipulative therapy.   
 
Once the PROM measurements were completed, a thorough self-selected warm up was 
conducted prior to bowling. Ten maximal spin deliveries of a good line and length were 
bowled on a standard length indoor artificial cricket pitch within a purpose-built cricket 
facility. The spin rate of each delivery was recorded using a Doppler radar system, 
Trackman (Trackman A/S, Denmark).  Trackman measures spin rate in revolutions per 
minute (RPM), with research showing a typical error of less than 18 RPM compared to 
motion capture (Chapman, 2015) The maximum spin rate achieved during these ten trials 
was used in the statistical analysis. 
 
6.3.2 Data analysis 
 
All statistical analyses were performed within SPSS v.23 (SPSS Corporation, USA).  The 
normality of the variables was confirmed via a Shapiro-Wilk test.  Paired student t-tests 
were used to investigate the side to side differences in the hip and shoulder PROM 
measurements. An alpha value of 0.05 was used to determine significance and Cohen’s 
d was calculated to determine the effect size of the difference.  Correlations between each 
PROM (independent) variable and spin rate (dependent variables) were assessed using 
Pearson product moment correlation analyses with an alpha value of 0.05 to determine 
significance. Due to the exploratory nature of the study, results with alpha values up to 
0.1 were noted in the Results (section 6.4) and Discussion (section 6.5). 
 
To identify the kinematic parameters which best explain the variation in spin rate, the 
parameters which were significantly correlated to spin rate were entered as “candidate” 
variables in a forwards stepwise linear regression model. The entry requirement for the 
inclusion of a parameter into the regression equation was p < 0.05 with a removal 
coefficient of P > 0.10. Similarly, the regression model was rejected if the coefficient 
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95% confidence intervals included zero, the residuals of the predictor were 
heteroscedastic or if the bivariate correlations, tolerance statistics or variance inflation 
factors showed any evidence of multicollinearity (Field, 2013). The normality of the 
standardised residuals in the regression model was also confirmed via a Shapiro-Wilk 
test. The percentage of variance in the dependent variable (spin rate) explained by the 
PROM (independent) variables in the regression equation was determined by Wherry’s 
adjusted R2-value (Wherry, 1931). This represents an attempt to estimate the proportion 
of variance that would be explained by the model had it been derived from the population 
(elite finger spin bowlers) from which the sample was taken. To overcome the potential 
limitations of stepwise regressions relying on a single best model, the explained variance 
for all possible regression equations with the same number of predictor variables as the 
stepwise solution was determined for comparison.  
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Table 6.1 - Description of PROM measurements 
Abbreviations: Intraclass Correlation Coefficient (ICC)
Assessment  Participant start position Procedure Measurement 
Reported  
intra-rater reliability 
shoulder     
internal rotation Crook lying, shoulder abducted to 90o 
with elbow flexed to 90o and forearm in 
mid-prone. 
Examiner passively internally rotates the shoulder until 
end of range whilst stabilising the scapula and humeral 
head. 
An inclinometer was placed on the posterior aspect of the 
forearm just distal to the wrist joint. The angle between 
the forearm and the vertical was recorded. 
ICC 0.73 (Dacombe et al., 2011) 
 
external rotation Crook lying, shoulder abducted to 90o 
with elbow flexed to 90o and forearm in 
mid-prone. 
Examiner passively externally rotates the shoulder until 
end of range whilst stabilising the scapula and humeral 
head. 
An inclinometer was placed on the anterior aspect of the 
forearm just distal to the wrist joint. The angle between 
the forearm and the vertical was recorded. 
ICC 0.92 (Dacombe et al., 2011) 
 
hip     
internal rotation Sitting on edge of plinth with both knees 
flexed to 90o. Participant lies back into 
supine and flexes non-testing leg, so its 
foot is resting on the plinth. 
Examiner passively internally rotates the hip until the 
pelvis is observed to move. 
An inclinometer was placed on the superior part of the 
medial border of the tibia just inferior to the medial 
condyle. The angle between the tibia and the vertical was 
measured. 
ICC 0.78 (Dacombe et al., 2007) 
 
external rotation Sitting on edge of plinth with both knees 
flexed to 90o. Participant lies back into 
supine and flexes non-testing leg, so its 
foot is resting on the plinth. 
Examiner passively externally rotates the hip until the 
pelvis is observed to move. 
An inclinometer was placed on the superior part of the 
medial border of the tibia just inferior to the medial 
condyle. The angle between the tibia and the vertical was 
measured. 
ICC 0.80 (Dacombe et al., 2011) 
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6.4 Results 
 
The spin rates produced by the 16 participants were in the range of 1484 - 1929 RPM 
(1699 ± 123 RPM).  A significant side to side difference was found with more external 
rotation PROM in the bowling shoulder (Table 6.3).  Further side to side differences were 
found when using an alpha of less than 0.1 with less internal rotation PROM in the 
bowling shoulder and more internal rotation PROM in the front hip. The only PROM 
measure found to be linearly correlated to spin rate was the total arc of rotation of the 
front hip (Table 6.2). Internal rotation PROM of the rear hip and internal rotation PROM 
of the bowling shoulder were correlated to spin rate with an alpha value of less than 0.1.  
These three parameters were put forward as “candidate” variables for entry into the linear 
regression equation. 
 
The “candidate” variables were investigated initially for multicollinearity using bivariate 
correlations. Since internal rotation PROM of the rear hip was significantly correlated 
with total arc of rotation PROM of the front hip with a Pearson’s correlation coefficient 
greater than 0.79 it was removed as a candidate variable (Field, 2013). The best predictor 
of spin rate was the total arc of rotation PROM of the front hip, which explained 25.5% 
of the variation in spin rate. The bowlers with greater total arc of rotation PROM of the 
front hip characterised the bowlers with the highest spin rates.  No other combinations of 
variables (including those discarded as “candidate” variables) were found when trying all 
other possible combinations.  
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Table 6.2 - Correlations between spin rate and the 12 PROM measurements 
 
** Correlation to spin rate significant at the 0.05 level, * Correlation to spin rate significant at the 0.1 
level.  
 
 
 
 
 
 
 
  95% confidence intervals  
PROM measure r lower bound upper bound p 
shoulder     
internal rotation – bowling arm (°) 0.476 0.056 0.747 0.063* 
internal rotation – non-bowling arm (°) -0.139 -0.553 0.403 0.607 
external rotation – bowling (°) -0.309 -0.854 0.385 0.245 
external rotation – non-bowling arm (°) 0.070 -0.553 0.556 0.797 
total arc of rotation – bowling (°) 0.052 -0.673 0.676 0.848 
total arc of rotation – non-bowling arm (°) -0.045 -0.537 0.416 0.868 
hip     
internal rotation – rear hip (° ) 0.485* -0.092 0.776 0.057* 
internal rotation – front hip (°) 0.400 -0.151 0.872 0.125 
external rotation – rear hip (°) 0.162 -0.276 0.594 0.549 
external rotation – front hip (°) 0.305 -0.186 0.709 0.250 
total arc of rotation –rear hip (°) 0.395 -0.213 0.765 0.130 
total arc of rotation – front hip (°) 0.552** 0.204 0.817 0.027** 
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Table 6.3 - Range, mean, standard deviation and paired t-test analysis for the dominant 
and non-dominant PROM measurements  
passive range of  
motion measure 
dominant non-dominant 
 
 
range mean ± S.D. range mean ± S.D. p 
shoulder bowling arm non-bowling arm  
internal rotation (°) 62 – 105.3 77.4 ± 11.7 65 – 101.2 83.1 ± 11.3 0.089*b 
external rotation (°) 114 – 163 137.4 ± 15.7 97 – 154.8 128.7 ± 13.5 0.039**a 
total arc of rotation (°) 184 – 231.5 214.8 ± 13.6 192 – 244.1 211.8 ± 14.2 0.282 
hip rear leg front leg  
internal rotation (°) 21 – 50 34.3 ± 8.0 19 – 54 37.6 ± 8.8 0.041**b 
external rotation (°) 34 – 68 48.3 ± 8.4 34 – 65 45.1 ± 8.0 0.185 
total arc of rotation (°) 61 – 107.4 82.6 ± 13.3 67 – 107 82.8 ± 10.8 0.957 
 
** Significant difference at the 0.05 level, * Significant difference at the 0.1 level. 
a medium effect size ≥ 0.50, b small effect size ≥ 0.30 (Cohen’s d) 
 
6.5 Discussion 
 
The current study aimed to investigate hip and shoulder rotation PROM in elite finger 
spin bowlers and their relationship to spin rate.  The spin rates observed in this study 
(1699 ± 123 RPM) were similar to those recorded by Chin et al. (2009) (1602 ± 276 RPM) 
and Beach et al. (2018) (1584 ± 264 RPM).  Side to side differences were observed in 
both hip and shoulder rotation PROM measures with the results consistent with 
previously published data on finger spin bowlers and baseball pitchers (Sundaram et al., 
2012; Crockett et al., 2002; Downar et al., 2005; Borsa et al., 2008; Wilk et al., 2011). 
Spin rate was associated with increased rotational PROM of the hips and the shoulders. 
These results suggest adaptations of the hip and shoulder PROM occur in finger spin 
bowlers similar to other overhand throwing activities and that their technique and 
performance may be limited by the PROM of their hips and shoulders. 
 
Although the motion of the hips and pelvis have previously been found to be an essential 
component of the finger spin bowling action (Chapter 5; Beach et al., 2018). there are no 
studies reporting the rotational PROM of the hip in elite finger spin bowlers.  The PROM 
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of the hips reported in this study (Table 6.3) are the first to be reported in elite finger spin 
bowlers and are similar to ranges previously reported in baseball pitchers (McCulloch et 
al., 2014; Robb et al., 2010; Tippett et al., 1986; Ellenbecker et al., 2007; Sauers et al., 
2014; Laudner et al., 2010). More internal rotation PROM in the front hip was found in 
this study.  This result is similar to previous findings in baseball pitching, where increases 
in internal rotation PROM of the stance hip have been reported (McCulloch et al., 2014; 
Robb et al., 2010; Tippett et al., 1986). In baseball pitching, it has been suggested that 
the side to side differences are adaptive and caused by the high repetition of the action 
rather than pathologic, with older pitchers reported to have greater PROM (McCulloch 
et al., 2014). Future research is required to determine whether similar hip and pelvic loads 
are experienced in finger spin bowling compared to baseball pitching and whether the 
side to side difference in hip rotation PROM is adaptive or pathologic. 
 
More external rotation PROM (p < 0.05) and less internal rotation PROM (p < 0.1) of the 
bowling shoulder was observed when compared to the non-bowling shoulder in this study 
(Table 6.3).  This is in agreement with the only other study investigating PROM of the 
shoulder in finger spin bowlers (Sundaram et al., 2012) and most studies on baseball 
pitchers (Crockett et al., 2002; Downar et al., 2005; Borsa et al., 2008; Wilk et al., 2011). 
In addition, the total arc of rotation PROM was similar across both shoulders.  A shift in 
symmetrical PROM has previously been suggested to be a protective adaptation that 
alleviates stress on the glenohumeral joint and increases performance, whereas 
asymmetric total arc of rotation PROM of the shoulders has been associated with shoulder 
and elbow injuries in baseball (Sauers et al., 2014). These results suggest a similar 
protective adaptation may occur in elite finger spin bowling as other overhand throwing 
activities. 
 
The total arc of rotation PROM in the front hip was shown to be the most important 
PROM measurement with respect to spin rate.  This result indicates a relationship may 
exist between the total arc of rotation PROM of the front leg and the kinematics of the 
pelvis during the finger spin bowling action.  Previous research has found positive 
correlations with spin rate for both: the front foot orientation at front foot contact and the 
amount of internal rotation of the front hip (Chapter 5). It is possible that a larger total 
arc of rotation PROM of the front leg may be linked to either (or both); the amount of 
internal hip rotation during the finger spin bowling or front foot orientation at front foot 
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contact.  A smaller total arc of rotation PROM of the front hip may not only decrease the 
range of internal rotation possible during the finger spin bowling action but may also 
prevent optimal front foot contact kinematics being attained. 
 
Although no further correlations were significant with an alpha value less than 0.05, 
internal rotation PROM of the rear hip was positively correlated to spin rate with an alpha 
value less than 0.1 (Table 6.2).  The movement of the back leg in the finger spin bowling 
action between front foot contact and ball release has previously been suggested to aid 
the rotation of the pelvis about the front leg (Chapter 5; Beach et al., 2018). It has been 
proposed in baseball that pitchers require sufficient internal hip rotation PROM of the 
trail leg to achieve the optimal orientation of the pelvis at lead foot contact (Tippet et al., 
1986; Laudner et al., 2010). This result indicates that finger spin bowlers may also require 
sufficient internal hip PROM of the rear leg to achieve optimal orientation of the pelvis 
at lead leg contact. 
 
Insufficient hip rotation PROM which prevents optimal pelvis kinematics being achieved 
is likely to cause limitations in the transfer of energy created in the lower extremities to 
the upper extremities, as well as coordinating the release of the ball towards the target.  It 
is possible that this leads to a break in the kinetic chain within the finger spin bowling 
action which causes additional stresses in the torso and the upper extremity which may 
lead to injury, illegal bowling actions or reduced spin rates.  For example, Laudner et al. 
(2015) demonstrated that altered hip rotation PROM had a direct impact on external 
rotation torque and horizontal abduction of the shoulder during a throwing motion.  
Further investigation is required to understand how the kinematics and kinetics of the 
finger spin bowling action are affected by limitations in hip rotation PROM.  
 
The role of the upper arm in finger spin bowling has previously been linked to 
performance with Beach et al. (2018) reporting that maximum internal shoulder velocity 
was correlated with spin rate in club level bowlers.  Although no statistically significant 
correlations were observed between any of the shoulder PROM measurements and spin 
rate, internal rotation PROM of the bowling shoulder was positively correlated to spin 
rate with an alpha value less than 0.1 (Table 6.2). Research investigating the effect of 
shoulder rotation PROM on performance in overhand throwing is limited, with external 
rotation rather than internal rotation PROM often the focus (van den Tillar. 2016). While 
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the current study observed no relationship between external rotation PROM of the 
bowling shoulder, the relationship between spin rate and internal rotation PROM of the 
bowling shoulder appears to conflict with the adaptive changes observed in elite finger 
spin bowlers (more external rotation PROM and less internal rotation PROM in the 
bowling shoulder) (Sundaram et al., 2012).  It is possible that the adaptive changes at the 
shoulder do not occur due to the repetitive nature of finger spin bowling but due to the 
large amount of throwing also required in cricket when fielding.  Although this is 
unknown, it should be an area of future study, if true, throwing workload in finger spin 
bowlers may need to be monitored to prevent adaptations which could be detrimental to 
performance occurring.  
 
A limitation of using an elite finger spin bowling population is the restriction it places on 
the potential sample size.  Although a sample of 16 elite finger spin bowlers is a relatively 
large sample of this population, it only led to one PROM measure being entered in the 
regression equation.  It was therefore decided to comment on measurements from the 
correlations with an alpha value of 0.1 to identify relationships of potential interest.  A 
further limitation of a small sample size is that it can reduce the power of a study and 
make small effects harder to notice.  In the future, this sample could be added to increase 
the power and provide further insight into elite finger spin bowling.  Another potential 
limitation is that PROM measures are intra-variable on a number of factors such as the 
time of day, previous activity and level of warm up. It was decided to allow the bowlers 
to follow their own self-selected warm ups as they would do in a match environment and 
control for this by testing PROM pre-warm up. The disadvantage of this method is that 
some players may achieve a greater increase in PROM after warming up than others.  
Finally, the PROM measurements obtained in this study were limited to rotations of the 
hips and shoulders.  In the future, the PROM of the other joints in the kinetic chain should 
be investigated to determine how they also may limit performance of the spin bowling 
action.  
 
6.6 Conclusion 
 
The elite finger spin bowlers in this study had more internal rotation PROM of the front 
hip compared to the rear hip, which may be an adaptive change due to the large number 
of repetitions involved. Notable side to side differences were also seen at the shoulder 
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with more external rotation PROM and less internal rotation PROM in the bowling arm.  
Although no difference was observed in the total arc of rotation of the shoulders, this 
suggests that a protective shift in the PROM may have occurred similar to other overhand 
throwing activities.   
 
In addition, this study also found that spin rate was linked to a higher internal PROM of 
the rear hip and total arc of rotation PROM of the front hip. This may indicate that the 
hips require a sufficiently high rotation PROM to achieve the optimal orientation of the 
pelvis at front foot contact. Spin rate was also associated with higher internal rotation 
PROM of the bowling shoulder. A result which may conflict with the protective 
adaptation found at the shoulder, this may suggest that this adaptation does not occur due 
to the repetitive nature of finger spin bowling but potentially due to the amount of 
throwing also required in cricket. Future studies should aim to evaluate the relationships 
between PROM measurements and finger spin bowling kinematics and kinetics to 
determine how they limit performance. 
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Chapter 7 
 
7 An examination of bowling parameters and their association with 
performance in elite finger spin bowlers competing in test match cricket 
 
7.1 Abstract 
 
The aim of this study was to identify which finger spin bowling parameters were 
associated bowling average and economy in international test match cricket. Data were 
collected and analysed using a Hawk-eye™ ball tracking system from thirty-four elite 
finger spin bowlers, competing in sixty test matches between 2006 – 2015 (69,552 
deliveries). Significant quadratic relationships to bowling economy were observed for 
three bowling parameters: bowling length (r = 0.954, p < 0.001), bowing line (r = 0.992, 
p = 0.008) and release velocity (r = 0.850, p < 0.001). These were entered into a linear 
regression equation, predicting 54.4% of the observed variance in bowling economy. 
Other bowling parameters associated with bowling economy included incidence angle (r 
= 0.966, p = 0.001). No parameters were predictive of bowling average, however 
significant effects were observed for bowling average as a function of deviation angle (r 
= 0.565, p < 0.001). Elite finger spin bowlers conceding the least runs released the ball at 
higher ball release speeds (up to 57 mph), bowled straight bowling lines (± 0.15m) and 
delivered the ball 4 – 5m in length. Furthermore, deliveries deviating away from the 
opposing batsman conceded less runs and took more wickets when compared to 
deliveries deviating toward the batsman. This knowledge can be translated to athletes and 
coaches to provide a better understanding of finger spin bowling performance in test 
match cricket, whilst providing a framework for coaching, player selection and bowling 
development. 
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7.2 Introduction 
 
Rather than using fast bowling speeds to defeat batsmen, skilled finger spin bowlers 
achieve success by varying ball trajectory, spin rate and release speeds. These culminate 
to cause the opposing batsman to misjudge the bounce location and the trajectory of the 
ball during flight (Regan, 1992). The art of deceiving the batsman is derived from the 
horizontal and vertical component of ball flight, affecting the ball’s angle of incidence to 
the pitch surface and angle of deviation; termed drift, drop and spin respectively. Whilst 
imparting high rates of spin is understood as the main causation for drift in the air and 
deviating the ball off the pitch (Chin et al., 2009; Spratford et al., 2017), there remains a 
lack of understanding to other bowling parameters attributed to finger spin bowling 
performance in match play, specifically within international test match cricket, with more 
frequent examples addressing the technical and tactical facets of the shorter forms of the 
game (e.g. Clarke, 1988; Douglas et al., 2010; Preston & Thomas, 2000; Morley & 
Thomas, 2005; Najdan et al, 2014; Damodaran, 2006; Petersen et al., 2008, 2008a; 
Crowther et al., 2018).  
 
The majority of these studies have analysed cricket performance through evidence gained 
from notational analysis using competition, technical and tactical performance indicators 
(Hughes & Bartlett, 2002). Although informative, its reliability and accuracy have been 
reported to be highly problematic, as key performance indicators (KPI’s), such as 
bowling lines and lengths, manually and subjectively coded (Justham et al., 2008; Najdan 
et al, 2014). Nevertheless, in recent years, highly accurate, un-obtrusive ball trajectory 
data has been made available using either doppler radar or video-based systems, 
quantifying parameters such as ball speed, release and pitching position in match play 
(Crowther et al., 2018; Justham et al. 2008, 2010; Cork et al., 2008). This has enabled 
investigators of performance within match play competition to be undertaken with 
significantly greater accuracy and reliability.  
 
In one such study, Justham et al., (2010) further existing knowledge of cricket bowling 
performance within match play by analysing two international bowlers of differing modes 
e.g. pace and spin. Ball release speed, vertical release angle, and deviation angle after 
pitching were found to vary between spin bowling delivery types, whilst run rates 
(number of runs scored per delivery bowled) were lower for the stock delivery. The same 
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authors compared bowling tactics across three right arm bowlers of differing mode (fast, 
medium paced and an off- spin bowler), within three forms of international match play 
(test match, 50 over and T20). Justham et al. (2008) reported spin bowlers to deliver the 
ball 2 mph quicker in shorter forms than in test cricket (52.88 ± 1.31 vs 50.64 ± 6.54 
mph), however mean bowling lengths and lines did not differ across formats. Although 
these reports supplied an indication of the delivery ranges achievable by spin bowlers in 
test match competition, the findings were very descriptive and were limited to a very 
small sample size. As such, it is be argued that the lack of depth in performance insight 
provides insufficient application to athlete or coach to improve spin bowling 
performance.  
 
Finally, using delivery speed data produced by television broadcasters, Crowther et al., 
(2018) examined the effects of a test match playing environment on spin bowling tactics 
in Australia and India. Crowther and colleagues (2018) demonstrated that conditions of 
the pitch in test match cricket impacted upon the tactics related to spin bowling delivery 
speed. Furthermore, the same tactics were applied as used in their home environments, 
suggesting that neither team adapted their bowling to suit the demands of a differing 
environment or pitch conditions. Although these studies have increased the 
understanding of bowling tactics applied, insufficient attention has been paid to analysing 
the impact of delivery parameters of elite finger spin bowlers under the constraints of 
international match play over an extended period and across a wide range of performers.  
 
Therefore, whilst it is has been reported that a number of performance variables 
contribute to a successful finger spin bowling performance, such as spin rate, seam axis, 
and the contact point of the ball on the pitch (Justham et al., 2008, 2010; Spratford et al., 
2017; Chin et al., 2009), the aim of this study is to employ a longitudinal approach (2006 
– 2015) to examine ball trajectory parameters in international test match cricket and the 
extent to which these parameters may impact bowling performance using linear 
regression.  
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7.3 Methods 
 
7.3.1 Data collection 
 
Data were collected remotely using the Hawk-eye™ ball tracking system (Hawkeye 
innovations, Basingstoke, UK). The reconstructed track device consisted of six visible-
light cameras (operating at 340 Hz), using high-speed, orthogonally-located cameras 
placed outside of the competing arena and focused on the playing wicket to track the 
ball’s flight path within this narrow field of view.  
 
Three cameras were required for the accurate tracking of each bowling delivery in three 
dimensions from ball release to the opposing batsman’s stumps. Segments of the delivery 
which were not tracked were interpolated or extrapolated using software algorithms 
(Hawkeye innovations, Basingstoke, UK), providing quantitative bowling delivery data 
from a match environment in a timely and non-labour-intensive manner.  
 
Mean error in parameter measurements have been reported of 2.6 mm for the pitching 
point in cricket (International Cricket Council, 2008). Errors have been reported to vary, 
based on ball speed, size of the playing area and recording rates (Collins & Evans 2012), 
however, validation of this assertion has not been undertaken as part of the current study. 
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Figure 7.1 - (a - b) Bowling delivery parameter classifications as determined by the 
Hawkeye ball tracking system; (c) dimensions of the stumps with global reference frame 
 
7.3.2 Analysis period 
 
The analysis presented in this chapter has been based on data collected on International 
test match’s between November 2006 – September 2015 (n = 60 test matches). 
 
7.3.3 Procedure 
 
Thirty-four elite finger spin bowlers, categorised as right arm off break (ROB) or slow 
left arm (SLA) bowlers, delivered 69,552 finger spin deliveries to both right handed 
(RHB) and left-handed batsman (LHB). Each finger spin bowler was classed as elite due 
to their international playing status at the point of data collection. Bowler match play 
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statistics can be found in Appendix B. Six parameters were determined, defining key 
finger spin bowling measurements from the instance of ball release, to the instance the 
ball meets the ground (Table 7.1). 
 
When facing the opposing batsman’s stumps, the global origin (0,0) was located at base 
of centre stump; the x-axis pointed from left to right, the y-axis pointed toward the 
batsman and the z-axis pointed vertically upward (Figure 7.1c). Bowling line was defined 
as the x position in the global coordinate system, with a negative value denoting the ball 
pitching to the left of centre stump and a positive value denoting the ball pitching to right 
of centre stump (see Figure 7.1a). For the purpose of this study, bowling line was divided 
in 0.15 m buckets whereby, to an RHB, an off-stump bowling line denotes an x position 
of - 0.15 – 0 m or 0 – 0.15 m to an LHB.  
 
Bowling length was defined as the ! position of the ball as it meets the ground and 
measured as the distance (m) from the batsman’s stumps. These were divided into 1.0 m 
buckets. The zenith delivery height is defined as the highest vertical position along its 
trajectory. The zenith delivery height depends on the initial release velocity (#), the 
delivery release angle (%), and the acceleration due to gravity (&). This was calculated 
using equation 3.1: 
 ' = 	#*	+,-*	%2/  
(3.1) 
 
A detailed description of parameters used can be found in Table 7.1. Deliveries bowled 
by bowlers who exhibited a ‘suspect bowling action’ during the analysis period were 
removed from analysis. Data were further reduced by the removal of outliers i.e. data 
points which did not meet set bounds set for each bowling parameter (Table 7.1). Any 
buckets with <120 deliveries (20 overs) were removed from analysis. 
 
Metadata relating to the contextual features for each delivery including runs scored, over 
number, delivery number, opposing batsman and hand preference were also provided 
allowing further calculations for bowling average and economy against each performance 
parameter. Bowling average was calculated as the number of runs conceded divided by 
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the number of wickets taken, whilst bowling economy was calculated as the number of 
runs scored per six-ball over bowled (RPO). For the purpose of stepwise regression 
analysis, bowling economy was calculated as runs scored per ball bowled. 
 
Table 7.1 - Bowling parameter descriptors with bounds 
bowling parameter bounds descriptor 
release velocity (mph) 40 - 60 Velocity of the ball at the point of release 
bowling line (m) -0.6 - 0.6 
x position in the global reference frame - 
horizontal distance of the ball from centre stump 
(0,0), at the instance of pitching 
bowling length (m) 0 - 8 
y position in the global reference frame - 
distance between opposing batsman stumps and 
ball at the instance of pitching 
deviation angle (°) -9 - 9 
The angle of ball deviation after the instance of 
pitching 
incidence angle (°) 14 - 20 
Angle between ball path and ground immediately 
prior to pitching 
zenith delivery height (m) 1.8 - 2.5 
Peak z position in the global reference frame of 
the ball’s trajectory during flight 
 
7.3.4 Data analysis 
 
All statistical analyses were performed within SPSS v.23 (SPSS Corporation, USA).  
Descriptive statistics (mean ± SD) and one-way analysis of variance (ANOVA) was 
carried out on the Hawk-eye™ bowling parameters to determine whether significant 
effects were observed for bowling average and economy. Correlations between each 
parameter (independent) variables and bowling average/economy (dependent variable) 
were assessed using Pearson product moment correlation analyses. An alpha value of 
0.05 was used to determine significance. 
 
To identify the key bowling parameters which best explain the variation in bowling 
average and economy, parameters which were significantly correlated to each statistic 
were entered as “candidate” variables in a forwards stepwise linear regression model. For 
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the purpose of the regression equations, all data were converted to an RHB coordinate 
axis.  
 
Significant correlations between candidate variables below the 0.80 threshold were 
deemed appropriate for further analysis (Field, 2013). The entry requirement for the 
inclusion of a parameter into the regression equation was P < 0.05 with a removal 
coefficient of P > 0.10. Similarly, the regression model was rejected if the coefficient 
95% confidence intervals included zero, the residuals of the predictor were 
heteroscedastic or if the bivariate correlations, tolerance statistics or variance inflation 
factors showed any evidence of multicollinearity (Bowerman & O’Connell, 1990; Draper 
& Smith; 1998; Field, 2013; Menard, 1995; Myers, 1990). The normality of the 
standardized residuals in the regression model was also confirmed via a Shapiro-Wilk 
test. The percentage of variance in the dependent variable (bowling economy) explained 
by the Hawkeye (independent) variables in the regression equation was determined by 
Wherry’s (1931) adjusted R2 - value. This represents an attempt to estimate the proportion 
of variance that would be explained by the model had it been derived from the population 
(test match finger spin bowlers) from which the sample was taken. Finally, using 
simulated annealing, the stepwise regression equation was optimised to find the values 
associated with the minimum economy within the bounds of the buckets. 
 
7.4 Results 
 
Bowling parameters of thirty-four elite finger spin bowlers were examined within test 
match competition between 2006 – 2015. 11592 overs were bowled, 1021 wickets taken, 
and 34075 runs conceded, at a cumulative bowling average of 33.37 and bowling 
economy of 2.94 runs per over (Table 7.4). 59.33% of deliveries bowled were from right-
handed finger spin bowlers (ROB), with the remaining 40.67% using a slow left-arm 
bowling action (SLA). Delivering to LHB, ROB bowlers formed the both lowest bowling 
average (26.52 runs; Figure 7.7b), whilst SLA bowlers delivering to RHB formed the 
lowest economy (2.64 RPO; Figure 7.7c).   
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Deliveries deviating away (51.87%) took more wickets and conceded less runs, forming 
a lower bowling average (∆	1#2	 = 24.33%) and economy (∆	234-	 = 17.33%) when 
compared to deliveries deviating toward. Descriptive statistics for all delivery scenarios 
can be viewed in Table 7.4.   
A significant quadratic relationship was observed for one of the six Hawkeye parameters 
as a function of bowling average, whilst significant quadratic relationships were observed 
for four of the six parameters as a function of bowling economy with alpha values of less 
than 0.05 (Table 7.3). These bowling variables were put forward as “candidate” variables 
for entry into the linear regression. 
The best individual predictor for bowling economy was bowling length, explaining 
22.9% of the observed variance (Table 7.2). A bowling length of 4 -5 m was indicative 
of deliveries with the lowest bowling economy (Figure 7.4b). Adding bowling line to the 
linear regression equation increased the percentage variation explained to 52.8%. This 
suggests, for balls bowled at optimal bowling lengths, deliveries landing within 0.15 m 
from the centre line of middle stump form the lowest bowling economy (Figure 7.4d).  
Finally, the addition of release velocity to the regression equation explained 54.4% of the 
variance observed in bowling economy.  This indicates that deliveries forming the lowest 
economy were released at greater ball release speeds, to an optimum between 56 - 57 
mph, at which point bowing economy increases (Figure 7.5b). There was insufficient 
evidence to support the addition of any further bowling parameters into the regression 
equation (i.e. P > 0.05).  
Using simulated annealing, the linear regression equation was optimised to find the 
values associated with the minimum bowling economy within the bounds of the 
parameter buckets. Findings indicate deliveries released at a speed of 57.4 mph, at a 
length of 4.40 m and line of 0.11 m were predicted to form the lowest bowling economy: 
0.279 runs per delivery bowled (1.67 runs per over) (Figure 7.2). 
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Table 7.2 - Regression equations for bowling economy (P < 0.05) 
  
      95% confidence intervals     
model bowling parameter coefficient lower bound 
upper 
bound 
p 
percentage 
explained 
1 length (m) -0.808 -1.033 -0.583 0.000 
22.9% 
 length2 (m) 0.090 0.064 0.115 0.000 
2 line (m) -0.0063 -0.102 -0.023 0.002 
52.8% 
 line2 (m) 0.646 0.514 0.778 0.000 
 length (m) -0.939 -1.117 -0.760 0.000 
 length2 (m) 0.104 0.084 0.125 0.000 
3 line (m) 0.646 0.514 0.778 0.000 
54.4% 
 line2 (m) -0.063 -0.102 -0.023 0.002 
 length (m) 0.104 0.084 0.125 0.000 
 length2 (m) 0.103 0.083 0.124 0.000 
 release velocity2 (mph) -0.002 -0.004 0.000 0.050 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 - Predicted economy against economy for the regression equations. With a 
higher percentage of the variation in bowling economy explained, the closer the data 
points lie to the dashed line y = x (predicted economy = actual economy) 
 
54.4% of the variance 
explained by bowling length, 
bowling line and release 
velocity 
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7.5 Bowling parameters 
 
7.5.1 Bowling length 
 
A significant effect was observed for bowling economy (4.38 ± 1.0m, F (2,6) = 9.616, p 
=<0.05) however no significance was observed for bowling average (F (2,6) = 1.311, p 
=0.337) as a function of bowling length (Table 7.3). The largest distribution of balls 
bowled were 4 – 5 m in length (40.96%).  
 
The quadratic relationship for bowling length as a function of economy indicates more 
runs were conceded exponentially at lengths shorter and fuller than 4-5 m in bowling 
length. Results suggest deliveries pitching between < 0 – 1m conceded 209 runs, however 
only 6 wickets were taken at an average of 34.83 (Figure 7.3a).  
 
7.5.2 Bowling line 
 
A significant effect was identified for bowling economy as a function of bowling line (-
0.004 ± 0.33 m; F (2,2) = 131.702, p = 0.008), however no significant effect was observed 
for bowling average, F (2,2) = 6.384, p = 0.135). Deliveries pitched -0.15m – 0 m from 
the centre line of middle stump formed the lowest bowling average (22.73 runs) and 
economy (2.30 RPO). The quadratic relationship for bowling line indicates more runs 
were conceded at distances further away from the stumps (Figure 7.3c/d). 
 
SLA and ROB bowlers delivered bowling lines closer to the centre line of middle stump, 
when bowling to RHB (-0.12 ± 0.22 m) and LHB (0.18 ± 0.23 m) respectively (Figure 
7.6 b/c). Bowlers delivering the ball to a batsman of the same hand dominance e.g. ROB 
– RHB, delivered the ball on wider bowling lines (± 0.32 ± 0.25 m; Figure 7.6 a/d). 
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7.5.3 Release velocity 
 
A significant effect was observed for bowling economy as a function of release velocity 
(52.54 ± 3.94 mph; F (2,12) = 14.420, p = < 0.001). No significant effect was observed 
for bowling average (F (2,12) = 0.195, p = 0.826). The quadratic relationship between 
bowling economy and release velocity (r = 0.850), suggests elite finger spin bowlers 
conceding the least runs released the ball at higher ball release speeds, up to 57 mph 
(Figure 7.4b).  
 
A significant bivariate correlation was observed between release velocity and the 
standard deviation of bowling line and length combined (r = 0.934; p = < 0.001; Figure 
7.7a). This indicates a relationship between ball speed and the variability in bowling line 
and length. The standardized residuals plot in Figure 7.7b illustrates that the combined 
variability in line and length increases at speeds above 57 mph. 
 
7.5.4 Deviation angle 
 
A significant effect was observed as a function of deviation angle for bowling average 
(0.23 ± 4.41º, F (2,16) = 10.831, p = 0.001,). No effect was observed for bowling 
economy (F (2,16) = 2.858, p = 0.087). Deliveries deviating away took more wickets and 
conceded less runs when compared to deliveries deviating toward (∆	1#2 =24.3%;	∆	234- = 17.3%;	Table 7.4). The lowest bowling average and economies were 
at large angles of ball deviation (> ± 7°), taking 18.9 % (n=209) of wickets at an average 
of 11.95 and 2.69 RPO. The largest distribution of deviation angle was - 4º and + 3º, 
(11.39% and 11.42%). SLA bowlers bowled deliveries with greater angles of deviation 
(3.73 ± 2.63º), when compared to ROB bowlers (2.92 ± 3.22º).  
 
7.5.5 Zenith delivery height 
 
No significant effect was observed for either bowling average (F (2,9) = 1.239, p =0.335) 
or economy (F (2,9) = 0.646, p =0.547) as a function of zenith delivery height (2.19 ± 
0.14m). The lowest bowling average was observed for deliveries with the highest vertical 
position of 2.2 – 2.25 m during ball flight (Figure 7.5c), whilst the lowest economy was 
observed for deliveries at 2.25 – 2.3 m (2.79 RPO) (Figure 7.5d).  
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7.5.6 Incidence angle 
 
Significant effects were observed for bowling economy as a function of incidence angle 
to the pitch (17.21 ± 1.17º; F (2,4) = 56.067, p = 0.01), however no effect was observed 
for bowling average (F (2,4) = 1.472, p = 0.332).  This lowest bowling economy was 
observed for deliveries with an incidence angle of 15º (2.59 runs per over), suggesting an 
optimal incidence angle; whilst those deliveries meeting the playing surface at a 20º angle 
formed the highest economy (4.02 runs per over; Figure 7.5b).  
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Table 7.3 – (a) 6 bowling parameters; range, mean, standard deviation and ANOVA analysis for bowling average and economy 
** Correlation to variable significant at the 0.05 level 
 
Table 7.4 – Descriptive statistics for all delivery scenarios  
 
  average  economy 
delivery variables mean ± S.D. F MSE p    r F MSE p    r 
bowling length (m) 4.37 ± 0.99 1.26 2854.06 .304 0.33 70.2 15.06 <.001 0.95** 
bowling line (m)  -0.04 ± 0.33 6.38 519.55 .135 0.87 131.7 0.56 .008 0.99** 
release velocity (mph) 52.54 ± 3.94 0.23 2.59 .795 0.38 28.95 0.32 <.001 0.85** 
zenith delivery height (m) 2.19 ± 0.14 2.2 145.57 .258 0.29 2.087 0.13 .171 0.40 
incidence angle (o) 17.21 ± 1.17 1.47 2.657 .332 0.42 56.06 0.66 .001 0.97** 
deviation angle (o) 0.23 ± 4.41 10.83 1481.62   .001 0.57** 2.85 0.43 .087 0.26 
descriptor ball deviation deliveries overs runs scored wickets average economy 
slow left arm – right hand bat away 19759 3293 8687 275 31.65 2.64 
slow left arm – left hand bat toward 8530 1422 4144 94 43.97 2.92 
right arm off break – right hand bat toward 24930 4155 13890 375 37.02 3.34 
right arm off break – left hand bat away 16333 2722 7354 277 26.52 2.70 
ball deviation - away - 36092 6015 16041 552 29.07 2.67 
ball deviation - toward - 33460 5577 18034 469 38.42 3.23 
all deliveries - 69552 11592 34075 1021 33.37 2.94 
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 Figure 7.3 - Bowling average and economy against bowling length (a-b) and line (c-d) 
r2 = .304 r2 = .952 
r2 = .865 r2 = .992 
(a) (b) 
(c) (d) 
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Figure 7.4 - Bowling average and economy against ball release velocity (a-b) and deviation angle (c-d)  
r2 = .850 r2 = .031 
r2 = .575 
r2 = .263 r2 = .565 
(a) (b) 
(c) (d) 
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Figure 7.5 - Bowling average and economy against incidence angle (a-b) and zenith delivery height (c-d)  
r2 = .424 (a) (b) 
(c) (d) 
r2 = .966 
r2 = .258 r2 = .171 
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Figure X: Bowling distribution for finger spin deliveries from (a) ROB – 
RHB, (b) ROB – LHB, (c) SLA – RHB and (d) SLA - LHB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6 - Bowling distribution for finger spin deliveries from (a) ROB – RHB, (b) ROB – LHB, (c) SLA – RHB and (d) SLA - LHB
(a) (b) 
(c) 
(d) (c) 
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Figure 7.7 – (a) Combined standard deviation and (b) standardized residuals of bowling 
length and bowling line at various ball release speeds 
 
 
 
 
 
 
(b) 
R2 = .872  
(a) 
norm of residuals = 0.19976  
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7.6 Discussion 
 
The current study sought to identify the finger spin bowling parameters that best explain 
the variation in bowling average and bowling economy for thirty-four elite finger spin 
bowlers competing in international test match cricket using quadratic regression analysis. 
The results indicated elite finger spin bowlers conceding the least runs released the ball 
at higher ball release speeds (up to 57 mph), delivered the ball 4 – 5 m in length and in 
line with the batsman’s stumps (± 0.15 m). These three bowling parameters explained 
54.4% of the variance in bowling economy (Table 7.2). Significant effects for bowling 
economy were also observed as a function incidence angle to the pitch. No bowling 
parameters were predictive of bowling average, however significant effects were 
observed for both bowling average as a function of deviation angle. These results signify 
that the performance of an international test match finger spin bowler is significantly 
affected by not only the line and length of the delivery, but also mechanical characteristics 
associated with ball release and the magnitude of ball deviation off the pitch.  
 
7.6.1 Bowling length 
 
Bowling length was shown to be the most important parameter associated with bowling 
economy, explaining 22.9% of the variance observed (Table 7.2). Mean bowling lengths 
were shorter than those previously reported by Justham et al., (2010), however only a 
single wrist spin bowler was examined. Although bowling length has previously been 
reported to be an important component of bowling performance (see Najden et al., 2014), 
this is the first study to determine the effectiveness of bowling length for finger spin 
bowling in test match cricket. The deliveries conceding the least number of runs were at 
a bowling length between 4 – 5m (Figure 7.3b), whilst simulated annealing analysis 
(determining the global optimum) revealed the most economical length to bowl as 4.40 
m for the opposing batman’s stumps.  
 
Successful batting involves decisive foot movements to enable a stable foundation to 
successfully strike the ball and to contend potential deviations of the ball post bounce 
(Woolmer & Noakes, 2008; Sarpeshkar & Mann, 2011). For a batsman of average height 
and stride length, it is proposed that deciding whether to commit playing forward or back 
is especially difficult to deliveries pitched at a length between 4 - 5 m, as this allows the 
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ball time to deviate unpredictably after bouncing, however does not allow the batsman 
time to adjust his shot (McLeod, 1987).  The higher bowling economy rates observed at 
shorter bowling lengths, i.e. >4m, seems logical, as batsman have greater time and 
therefore opportunity to execute an attacking shot off back foot.  Equally, for deliveries 
at fuller lengths (< 4m), batsman may strike the ball closer to its bounce location, thus 
reducing the distance between bounce and bat – ball impact location. 
 
Low bowling averages were also observed for deliveries pitching <1.0 m i.e. deliveries 
which did not bounce (Figure 7.3a). The very low frequency of deliveries at these lengths 
(<1%), highlights the understanding that elite batsmen are dependent to various of 
sources of information which support anticipation and shot selection (Peploe et al., 2014). 
Anticipation is underpinned by several interacting perceptual-cognitive skills, including 
the use of postural cues of the bowler as they approach the crease and in the delivery 
stride, available contextual information and pattern recognition (Williams & Jackson, 
2018). Notably, Runswick et al., (2018), observed a significant negative impact on 
anticipation and shot execution in skilled batsman when pattern recognition was broken 
i.e. lack of agreement between contextual information (such as the previous deliveries 
received), and the outcome of the event that followed. Therefore, whilst deliveries which 
do not bounce are regularly picked up by skilled batsman to score runs, the adage exists 
that on occasion, bad balls do get wickets.  
 
7.6.2 Bowling line 
 
Adding bowling line to the linear regression equation increased the observed variance to 
52.8%. The significant quadratic relationship for economy as function of bowling line, 
suggests that more runs are scored as bowling line gets further away from the centre line 
of centre stump (Figure 7.4d). These findings support previous reports that bowling a 
‘straight’ or ‘tight’ line to an opposing batsman is a key strategy to restrict runs in 
professional cricket across all formats (Petersen et al., 2008; Najden et al., 2014). As the 
role of the batsman is to both defend his wicket and to score runs, it is speculated these 
findings may be due to two differing factors: 1) the batsman’s requirement to defend the 
stumps and pads from the oncoming delivery and 2) a restriction in adopting an optimal 
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technique to generate bat speed (and thus ball launch speed off the bat face) to form run 
scoring opportunities.  
 
Peploe et al., (2019) recently reported the importance of utilising the upper extremities 
in elite batsman seeking to maximise bat speed, suggesting that batsmen should aim to 
increase their pelvis-thorax angular separation at the commencement of the downswing 
(to make efficient use of the stretch-shortening cycle) as well as increasing their 
magnitude of lead elbow extension and wrist uncocking during the downswing. For 
optimal bat – ball contact to be achieved, coaching texts recommend batsmen sustain a 
balanced forward movement and elongate the stride throughout the downswing 
(Woolmer & Noakes, 2008). As such, in theory it would be easier to undertake these 
instructions to deliveries further away from centre stump, as this may create a greater 
opportunity to take a longer stride and pre-stretch in the thorax during the down swing 
phase to execute an attacking shot to score runs.  
 
7.6.3 Release velocity 
 
The addition of ball release velocity to the linear regression increased the variance 
explained to 54.4%, indicating that the fewest runs were conceded at release speeds 
between 56 – 57 mph. More runs, however, were conceded at ball speeds >57 mph 
(Figure 7.5b).  
 
It is understood that the ability to consistently bowl the ball onto a desired pitch location 
is crucial to successful performance as this applies increased pressure to the opposing 
batsman and deprives them of run scoring opportunities (Woolmer & Noakes, 2008; 
Phillips et al., 2012). The significant positive correlation observed between ball release 
speed and the standard deviation i.e. variation, of bowling line and length combined (r = 
0.934; p = < 0.001) supports this understanding, indicating that the variation (or lack of 
control) in bowling line and length increases with ball release speed in a linear fashion 
(Figure 7.7a). This has been previously reported in studies examining the speed – 
accuracy trade-off in over arm throwing (Freeston et al., 2007; Sachlikidis & Salter, 
2007). Furthermore, a sharp increase in the standardized residuals of the linear trend ≥ 
57 mph was observed (Figure 7.7b), implying that deliveries ≥57mph may adversely 
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affect the consistency of line and length, and thus may account for the increases observed 
in bowling economy ≥57 mph (Figure 7.4b).  
 
In addition to consistency of line and length, a spin bowler needs to rely on other skills 
to deceive the batsman and minimise runs scoring opportunity, including generating 
Magnus force ("#) to maximise the lateral and vertical deflection of ball flight (Spratford 
et al., 2017). Although ball spin rates were unobtainable, these findings support the 
understanding that higher magnitudes of "# constrain batting performance as "# is 
proportional to ball release speed and spin rate (section 2.6.2). It is therefore proposed 
ball release speed and "# (as increases in ball speed should not come at the detriment of 
ball spin rate), be viewed with greater importance in which to 1) minimise runs conceded 
and 2) increase drift, drop and bounce characteristics. 
 
The ability to bowl at high release speeds, accurately and consistently is a seemingly 
complex task, as the release of the ball needs to achieve accuracy within the distance 
constraints of task (Bartlett., 2012) as well as within the elbow extension constraints of 
the skill as determined by the laws of the game (see section 2.5). Furthermore, the long-
axis rotations of the bowling arm complicate release mechanics in the need to apply 
maximal spin (Chapter 5; Beach et al., 2018). It is advised that these factors be considered 
when processing these findings into applied practice or coaching instruction.  
 
7.6.4 Deviation angle 
 
Significant effects were observed for bowling average as a function of deviation angle 
signifying wickets are taken at low cost when the balls deviates are large angles.  Once a 
delivery meets the pitch surface, the opposing batsman now has to contend with a 
potential deviation from its original path; a key component to a spin bowler’s tactic 
(Woolmer & Noakes, 2008). The direction and magnitude of deviation is considered to 
be dependent on various factors, such as the spin axis of the ball, its rate of spin, seam 
orientation and properties of the pitch surface (Beach et al., 2014; Spratford et al., 2017; 
James et al., 2004; 2005).  
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These findings support the understanding that spin rate is a performance discriminator in 
elite finger spin bowlers (Chin et al., 2009; Spratford et al., 2017) and that successful 
batting performance necessitates abrupt changes in motor control to respond to the 
unpredicted movement of a target object, i.e. ball deviation off the pitch (Gray, 2009). In 
contrast, a decline in athletic performance has previously been reported in tennis players, 
who when faced with sudden changes in ball trajectory during an interceptive task, 
observed a decrease in accuracy, with larger error at greater angles of ball deviation post 
bounce (Le Runigo et al., 2010).  
 
Notably, low bowling averages were also observed for small angles of deviation, e.g. -2º 
and ±1º (Figure 7.5c), whilst deliveries deviating away from the opposing batsman 
conceded significantly less runs and took more wickets, when compared to deviating 
toward (∆	&'( = 24.3%;	∆	(012 = 17.3%;	Table 7.4). This indicates small angles of 
deviation away from the opposing batsman significantly constrains successful batting 
performance in test match cricket. Le Runigo et al., 2010 proposed that it may easier to 
form a correction in the direction of the ongoing movement i.e. an acceleration gain by 
the agonist muscles (as the ball is directed toward the batsman due to drift), than to slow 
down and reverse movement direction i.e. inverting the relationship between agonist and 
antagonist muscles, however this warrants further investigation in elite batsman. This is 
examined in greater detail in section 7.6.7.  
 
7.6.5 Incidence angle 
 
A significant effect was observed for bowling economy as a function of incidence angle 
(Table 7.3). Comparably, James et al. (2005) reported incidence angles ranging from 15° 
- 22° (velocities ranging from 42.5 – 55.9 mph), for professional English county 
cricketers using a spin bowling technique. These observations seem logical since elite 
spin bowlers have been reported to deliver the ball at an inclined projection angle 
(Justham et al., 2008), meaning that the incidence angle is more contingent on the 
orientation of the ball’s spin axis at release (Spratford et al., 2017), whilst the reflection 
angle off the pitch is governed by the balls incidence or impact angle, as well as the 
direction and magnitude of the ball’s rotation and release velocity (Carré & Haake, 2000; 
Cross, 2005; James et al., 2005).  
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7.6.6 Zenith delivery height 
 
A common coaching directive is to deliver the ball above the eye line of the opposing 
batsman, in a high looping arc (Deary & Mitchell, 1989). This implies that a finger spin 
bowler has a tactical advantage over an opposing batsman when a delivery forms a 
parabolic trajectory with a high zenith location. To the contrary, no significant effect was 
observed for bowling average and economy as function of zenith delivery height. It is 
suggested future studies explore this further by assessing zenith delivery height against a 
normalized batsman stature at the crease which was unobtainable in the current study.  
 
7.6.7 Optimal bowling delivery 
 
The following section discusses a finger spin delivery scenario, illustrating a bowling 
delivery with inputs extrapolated from the quadratic regression analysis (Table 7.2). A 
bowling line of 0.1068 m, length of 4.4 m and release speed of 57.4 mph are used, with 
a deviation angle of 2.2°, deviating away from the opposing batter (Figure 7.9). 
 
Suppose an SLA bowler delivers a ball to an RHB (Figure 7.7c) at a release speed of 57.4 
mph. This delivery will slow down during flight (due to drag) and at contact with the 
pitch (due to friction). The delivery however can still be expected to retain 90.2 to 87.1% 
of its initial release speed (James et al., 2005; Figure 7.8).  
Figure 7.8 - An illustration of the ball impact and rebound velocity (mph) 
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If an opposing batsman of average height were to adopt a stride length of 0.5 m from the 
batting crease (see Stuelcken et al., 2005; Stretch et al., 1998), whilst playing a defensive 
shot with the bat a short distance in front of the pad (to minimise the ball striking the 
pad), we can assume an intercept location of 2.5 m from a delivery pitching at a length 
of 4.4m, over a duration of 104 – 107 ms (Figure 7.9a). 
 
As the batsman’s aim is to meet the bat to the ball in its longitudinal axis or ‘sweet spot’ 
at bounce (Figure 7.9b) i.e. 54 mm from the bats edge (Peploe et al., 2018); and if the 
batsman plays down the line of its original trajectory, the ball will only need to deviate 
by 2.2° in order to miss or take the edge of the opposing batsman’s bat. This equates a 
transverse distance of 0.092 m over a distance of 2.5 m (Figure 7.9a). Furthermore, if the 
ball is delivered on a leg stump line (e.g. + 0.1068 m from the centre line of middle 
stump), the predicted ball path would strike the stumps having deviated a transverse 
distance of 0.17 m. This may bring multiple forms of wicket taking opportunities into 
play, namely leg before wicket (LBW).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9 - (a) a schematic diagram of ball trajectory for a delivery deviating 2.2°, 
showcasing the effectiveness of deliveries deviating away from the opposing batsman 
and the time constraints if released at 57.4 mph; (b) an illustration representing the 
dimension of a cricket bat and the distance between the its centre and the bats edge.  
 
(a) (b) 
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The batsman’s ability to intercept a deviating delivery such as this is extremely 
problematic as the magnitude of deviation and ball release speed may significantly affect 
the time taken for the motor system to respond to the new visual stimulus; defined as the 
‘visual-motor delay’ (McLeod, 1987). In this scenario, the successful interception of the 
ball therefore depends more so on the accuracy of batman’s adaptations to the deviating 
ball, than on anticipated knowledge of its impact location.  Whilst visual-motor delays 
have reported to be as low as 55 – 130 ms (see Lee et al., 1983; Bootsma & van 
Wieringen, 1990), batsman have been reported to be unable to alter their shot within 200 
ms of ball arrival (McLeod, 1987), as the inertia of the cricket bat precludes a faster 
response (Land & McLeod, 2000).  
 
As this delivery scenario illustrated in Figure 7.9a falls within the reported 200 ms 
threshold, this suggests that a batsman may be unable to adjust successfully and intercept 
the deviating delivery, both constraining bat-ball execution, reducing run scoring 
opportunity and significantly increasing the wicket taking opportunity of the bowler. 
Whilst deliveries with greater angles of deviation may have a heightened probability of 
missing the opposing stumps, the distance the end effector is required to adjust, within 
this finite window, may be sufficiently greater. 
 
Notably, no parameters were entered into the quadratic regression equation for bowling 
average, indicating that the variance in an elite finger spin bowling average within test 
cricket is unable to be explained using the parameters investigated within this study. This 
signifies that bowling average may be an unstable performance metric in which to predict 
finger spin bowling performance in international test cricket, due to the unpredictable 
response of an batsman to an oncoming delivery (as highlighted by the low bowling 
average observed for deliveries pitched <1m in length (Figure 7.4a)). It is plausible other 
factors may be associated with a bowler’s ability to form a low bowling average which 
may account for the unexplained variation within the data. These may include: the context 
of the game, the ability or pressure applied on the opposing batsman, playing conditions 
and field placings; all of which were outside the scope of this study and warrant further 
investigation in future studies.  
 
One of the limitations of using Hawkeye ball trajectory data to investigate the effects of 
bowling parameters on performance is ball spin rates were unobtainable and therefore 
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outside of the jurisdiction of investigation in this study. As described, the trajectory of 
ball flight is highly dependent on the ball’s direction and magnitude of the ball’s rotation. 
In addition, the current study neglected to investigate the effects of bowling parameters 
in differing playing conditions. Differences in pitch conditions are frequent within 
professional cricket and linked to the organic composition of the soil and preparation of 
the surface (see James et al., 2005). As such, previous work has shown that spin bowlers 
may alter their release characteristics e.g. deliver speed, in differing conditions and thus 
may impact upon bowling tactics (Crowther et al., 2018). Finally, three of the finger spin 
bowlers within the sample have been known to utilise the carrom-ball bowling variation. 
Here the ball deviates away from the batters of the same hand dominance. It was outside 
the scope of this study to determine these deliveries within the data and were therefore 
categorised as finger spin deliveries which deviated away as opposed to specific bowling 
variations.  
 
7.7 Conclusions 
 
The results of this study suggest that the elite finger spin bowlers conceding the least runs 
released the ball at higher ball release speeds, bowled straight bowling lines and pitched 
the ball 4 – 5 m in length. Furthermore, deliveries deviating away from the opposing 
batsman conceded less runs and took more wickets when compared to deliveries 
deviating toward. The study findings highlight the nature of the contribution of 
performance analysis in competitive performance contexts and are likely to provide a 
framework for coaching, player selection and technical pathway development for finger 
spin bowlers to impact within test match cricket. These findings can support bowler 
preparation for competition, by enabling practitioners to design more innovative training 
tasks attuned to test match specific competition demands. As test match spin bowlers 
develop skill playing professional domestic cricket, future studies should explore whether 
there is an alignment between factors effecting performance in domestic spin bowling 
and those effects presented in this study.  
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Chapter 8 
8 Practical considerations for developing skill in elite finger spin bowling 
 
8.1 Abstract 
 
This chapter reviews traditional coaching methodologies and current system dilemmas 
related to the development of finger spin bowling skill, whilst proposing how Ecological 
Dynamics, a theory focusing on the performer-environment relationship, may provide a 
framework for how spin bowling skill development may be enriched. Ecological 
Dynamics proposes that functional patterns of coordinated behaviour and skill emerge 
through a process of self-organization from an athlete’s interactions under specific task 
and environmental constraints. Significant findings in earlier chapters are drawn upon, 
with suggestions put forward for how to actively integrate these findings into applied 
coaching in the form of representative and exploratory practice. Finger spin bowling skill 
acquisition tasks should provide athletes with opportunities to explore, attune and 
calibrate their intentions rather than meeting a technical, idealistic movement pattern 
dictated by coaching instruction. It is desired these considerations promote the emergence 
of multiple solutions to achieve movement goals and in turn develop intelligent, 
motivated, highly adaptive spin bowlers who are able to cope with the changes in sports 
performance landscapes, typically observed in international test match cricket. It is hoped 
this contributes to a more sophisticated understanding of spin bowling coaching in order 
to progress the field and inform practitioners to better support spin bowlers in the future.  
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8.2 Introduction 
 
Finger spin bowling is a complex, multi-articular motor skill, involving many degrees of 
freedom (DoF). Finger spin bowling has been reported to adhere to a full body, proximal 
to distal sequence with segmental rotation progressing from the pelvis to the trunk and to 
the upper limb; making use of the DoF within the kinetic chain throughout the upper body 
(Beach et al., 2017; Spratford et al., 2018; Woolmer & Noakes, 2008).  
 
It is believed a hallmark of expertise, like all sports performers, is not only a high degree 
of coordination among these DoF, but also the capacity to functionally adapt behaviour 
to satisfy key constraints, such as diverse sports performance environments or conditions 
in order to achieve performance aims (Fitts & Posner, 1967; Newell, 1986). This ability 
seems all that more important, as due to the demand of international calendars, playing 
tours between nations are becoming shorter and warm-up matches fewer (Higginson, 
2018). For example, Cricket Australia scheduled 626 days of international cricket 
between January 2010 - December 2016, an average of 89 days per calendar year; a 
record for any decade (Wigmore, 2016). In today modern era of international 
competition, it is evident that elite cricketers have little time to adapt to local 
environmental playing conditions prior to a tour (Petersen et al., 2010), leaving finger 
spin bowlers very little time to engage in representative practice tasks; designed to 
develop the capability of adapting to the environmental demands. This has resulted in a 
rise in the overall test-match win-loss ratio for home teams to 1.81 wins to every loss; the 
highest ratio since 1870 (Rajesh, 2016). Recently, Crowther et al., (2018) supported these 
verdicts, reporting that spin bowlers competing on ‘home soil’ are more attuned to 
exploiting the available information required to regulate their performance; a finding that 
may be related to the volume of time spent practicing in this environment. They 
concluded that, at times, both home and away teams failed to recognise the same 
interaction in the foreign condition, suggesting skilled behaviour in elite spin bowling 
requires aspects of both flexibility and adaptability in which to maximize bowling 
performance in match play.  
 
Whilst contemporary skill acquisition scientists have introduced alternative 
methodologies to develop adaptable performers (e.g. Passos, et al 2008, Seifert et al., 
2017), in general terms, spin bowlers have been developed using a ‘traditional’ coaching 
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framework. A restraint to this approach is its strong focus on technical, bowling action 
development, at the expense and in isolation from perception and decision-making skills 
(Renshaw & Holder, 2010). Whilst there is increasing evidence supporting alternative 
methods of athlete development in the literature, e.g. constraint-led approaches (see 
Renshaw et al., 2010) and differential learning (see Savelsbergh et al., 2010), evidence 
suggests that, although professionalism in cricket means that coaches are looking for new 
ways to improve their practice, both practitioners and coaches are not necessarily 
applying this new insight. This has led to a continued disconnect between academic motor 
learning researchers and applied practitioners (Gorman & Renshaw, 2017).  
 
In consideration, this chapter discusses present day system dilemmas to developing elite 
finger spin bowling skill. Traditional coaching methods are critiqued, with an alternate 
theoretical principle explored, suggesting how Ecological Dynamics and dynamic 
stability may be applied within the development process and acquisition of expertise in 
finger spin bowling. It is desired these considerations promote 1) the emergence of 
multiple solutions to achieve movement goals, whilst 2) provide a transformative learning 
environment that challenge a coaches’ long-held beliefs, rather than delivering an 
additive approach that attempts to layer new ideology and knowledge onto entrenched 
cultural practices.  
 
8.3 Traditional coaching methods  
 
Traditional methods, such as part-task training, are used extensively as coaching 
strategies in sports (Davids, Araújo, Correia & Vilar, 2013). According to Seifart & 
Davids, (2012), under this coaching framework, expertise is defined as, ‘the capacity to 
both reproduce a specific movement pattern consistently and to increase the automaticity 
of movement’ (p. 69).  This provides a mechanistic guide to understanding, viewing 
athletic behaviour as measurable, causally derived and thus predictable and controllable 
(Cushion, Armour & Jones, 2006).  
 
Governed by the cognitive schema theory (the knowledge system), all information about 
how we execute a movement is generated by the central nervous system (CNS) and 
hierarchically structured with the brain as the command centre (Schmidt, 1975). This 
assumes that, ‘performers require information input (i.e., the stimulus) and a conversion 
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of this information through a central processor within the central nervous system in order 
to produce a desired system output (i.e., the response)’ (Passos et al., 2008. p. 127). 
Practically, the coach plays a highly active role, directly ‘passing on’ their knowledge to 
performers and thus based on a belief in learning as a reductionist and linear process 
towards a state of expertise (Croad & Vinson, 2018). Movements are deconstructed into 
a subset of smaller components, assuming that the understanding of the parts of a given 
system may provide the understanding of the whole. There is, however, a limited scope 
for action variability in learners as a key aim of the coach is to decrease uncertainty of 
actions and rationalize decision-making processes (Davids, Araújo, Correia & Vilar, 
2013).  
 
Generally, the coach largely fixates on the precision of movement patterns aligned to an 
‘idealistic’ model, whereas variability or deviation from this ideal pattern, typically 
considered as error and/or noise (Bartlett et al., 2007; Passos et al., 2008; Renshaw et al., 
2009; Glazier & Davids. 2009). As such, a high emphasise is placed toward the value or 
volume of repetitive practice trials to refine a ‘coach directed’ bowling technique, at the 
exclusion of representative learning design and quality of practice (Pinder et al., 2011). 
As such, it is considered that practising a ‘coach directed’ skill may not be suitable for 
the cohesion in the coherent catalogue for multi-purpose solutions and at the expense and 
in isolation from perception and decision-making dominant skills, specifically dominant 
in cricket (Renshaw & Holder, 2010).  
 
In summary, whilst appearing logical, the model has been criticised for being simplistic 
in nature (Cushion, Armour & Jones, 2006), particularly given that it relies on the 
cognitive aspects of learning and fails to recognise the complexity of performance. It is 
important to recognise that just because an ideal technique may be understood and 
described by the coach, it is far from certain whether the athlete may be able to reliably 
adopt it, particularly under the often-intense psychological pressures of competition, 
irrespective of the volume of practice undertaken (Glazier & Mehdizadeh, 2019). If this 
is the case, why is this mode so prevalent in developing spin bowlers and what are the 
limitations to developing coaching frameworks? 
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8.4 Coaching philosophies and system dilemmas 
 
Coaching practice and knowledge in general, is mostly uninformed by academic research, 
being instead developed overwhelmingly by informal sources, namely observation and 
experience (Stoszkowski & Collins, 2014; Cushion, Armour & Jones, 2003). This 
develops a set of beliefs, attitudes, and expectations about how to coach an athlete, thus 
forming the nature of a coach’s philosophy or ideology (Cushion & Partington, 2016). 
This coaching philosophy influences how both future and practicing coaches approach 
the task of learning to coach, as well as the knowledge they construct from any learning 
experience. As such, the term ‘philosophy’ has more in common with taken-for-granted 
everyday usage of ‘how things should be done’, which are commonly characterized by 
highly directive, autocratic and prescriptive practice, whilst being underpinned by a linear 
approach to learning e.g. traditional methodologies (Cushion, 2013).  
The ‘traditional’ mode to coaching spin bowling, although governed by theoretical 
principles, is even less likely to be based on theory. Renshaw et al. (2008, p.3) described 
the development of coaching as, ‘a profession that has been hindered by the cult of big 
personalities, leading to an emphasis on the qualities of individual coaches and coaching 
style, rather than on the coaching processes that ultimately determine the effectiveness of 
coaching practice’. It has been previously recommended that, for long-term, 
programmatic development of athletes, there needs to be an underlying theory that 
insulates the coach from idiosyncratic coaching fads (Renshaw et al., 2009). A guiding 
theoretical framework may provide a philosophical approach that is evidence-based, 
focusing on mechanism and away from operational issues and biases.  
Since coaches rely on their education and experience to be effective (Feltz et al, 1999; 
Cushion, Armour & Jones, 2003), it is vital that spin bowling coach education provides 
a principled theoretical base on which coaching practitioners can build their own 
underpinning philosophy. In doing so, coaches are required to draw upon a body of 
research which allows the coach to look beyond coach centred, technocratic instructional 
behaviours and realise that elite sport involves more than the transference of technical 
insight or physical performance (Bennett & Culpan, 2014) 
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Unfortunately, this shift in mindset is perhaps one of the greatest challenges for coaches 
and support teams to undertake. If ignored, the mentality that institutionalised ‘new’ 
knowledge appearing as incongruent with spin bowling coaches’ entrenched beliefs, 
challenges the coaches’ ontological security (Cushion, 2011b). This may give rise to an 
anti-intellectual agenda, framing spin bowling coach education as a space of frustration 
and conflict. Recently, Townsend & Cushion (2017) exemplified this notion, forming a 
critical inquiry of the elite cricket coach education programme within the England and 
Wales Cricket Board. Specifically, the impact of culture on coach learning, habitus on 
knowledge production and the extent to which capital structures practice within English 
cricket coach education were explored. Interestingly, several negative sanctions were 
detected, including fear, anxiety and resistance to change, as well as conflict between the 
application of biomechanics technical theory and culturally accepted norms of the game.  
 
Worryingly, Townsend & Cushion (2017) conceded that the coach education programme 
was far from being ‘unproblematic’ and ‘straightforward’, but rather a socio-cultural and 
contested structure. Above all, tensions and conflict between an accepted model of coach 
education were highlighted, with a singular, prescribed body of knowledge and a strong 
underlying sporting culture with individuals hierarchically placed within it.  
 
In response, the following proposes a potentially valuable theoretical and practical 
coaching framework, grounded in Ecological Dynamics. Significant findings in earlier 
chapters are drawn upon, demonstrating the acquisition of spin bowling expertise through 
understanding athletes as complex and adaptive dynamical systems. It is hoped this will 
to contribute to a more sophisticated understanding of spin bowling coaching in order to 
progress the field and stimulate practitioner thought processes away from culturally lead 
norms described above.  
 
8.5 Shaping bowler behaviour - Ecological Dynamics 
 
Understanding the ‘Ecological Dynamics’ of action by applying constraints to facilitate 
learning, has fundamental implications to both coach and athlete (Walsh, 2015). The 
framework of Ecological Dynamics suggests that the acquisition of skill emerges as a 
consequence of indeterminate interactions between learners (the athlete) and the 
surrounding environment (Araújo, Davids & Hristovski, 2006; Araujo et al., 2009), 
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whilst, in contrary to a capacity to reproduce a specific movement pattern consistently, 
expertise derives from the improved fit or adaptation to a new task or surrounding 
performance environment. 
 
Performance and learning are constrained by various features or structures of the 
performer–environment system. These include characteristics of the environment, the 
biomechanics, physiology and morphology of the athlete, and task-specific constraints 
(Davids et al., 2012). As learners attempt to satisfy these interacting constraints, 
functionally adaptive and goal directed patterns of coordinated behaviour emerge through 
a process of self-organization (Vilar et al., 2012).  
 
The practical application of an Ecological Dynamic’s paradigm requires the coach to 
understand that athletes have the potential to solve performance problems in numerous 
ways and hence rejects of the concept of one optimal movement solution (Renshaw & 
Holder, 2010). The skills and knowledge of the coach are of high importance here, 
explicitly the coach’s ability to identify and manipulate the appropriate control parameter 
by creating ‘affordances’ or opportunities for action to effectively perturb the system of 
the athlete. First described by Gibson (1979), affordances capture the tight coupling 
between perception and action, allowing for the prospective and moment-to-moment 
control of activity that is characteristic of fluent and changeable behaviour or 
environments in modern day elite sport, (Fajen, Riley & Turvey, 2009).  
 
Optimally, the coach should know which constraint to manipulate to destabilise the 
system and, yet, he/she is not in full control when (re)organisation occurs (Orth et al., 
2018). This ‘hands-off’ approach creates a self-directed, problem-solving environment, 
as the athlete undertakes the global search for a functional, successful movement solution 
(Passos et al., 2008), whilst engaging in decision-making to find a task solution that is 
founded in their own understanding of the performance problem. Subsequently, by 
simply telling athletes what you want them to do rather than telling them how to do it, 
gives the athlete the freedom and autonomy to find their own solutions to performance 
problems through exploration (Renshaw, Oldham & Bawden, 2012), away from the 
constraints of a coaches idealistic technical model e.g. a side on pelvis orientation at BFC, 
as instructed in traditional spin bowling coaching literature (Woolmer & Noakes, 2008) 
But why does this occur?  
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8.5.1 Constraints led approach (CLA) 
 
Utilised in a wide range of sporting environments, such as rugby (e.g. Passos et al., 2008), 
outdoor adventure sports (e.g. Davids et al., 2013; Brymer & Renshaw, 2010; Orth, 
Davids & Seifart, 2016), Paralympic sport (e.g. Pinder & Renshaw, 2019) and cricket 
(e..g Pinder et al., 2009; Renshaw et al., 2010); proponents of the CLA seeks to explain 
motor performance and athletic development through the theoretical lens of Ecological 
Dynamics (Orth et al., 2018). Constraints are defined as borders which shape the 
emergence of behaviour from a movement system, seeking a stable state of organization 
(Kelso, 1997). The CLA (first proposed by Newell (1985)), has been posited as a suitable 
frame-work to support coaching practice, classifying constraints into three subclasses 
(Figure 8.1): 
 
 
1. Performer constraints - including physical and mental factors such as height, 
limb length, fitness levels, technical skills, attentional control and intrinsic 
motivation. All of which may influence decision-making behaviours.  
 
2. Environmental constraints - including physical environmental constraints such 
as weather conditions, pitch conditions, quality practice facilities and cultural 
constraints such as family, team mates, culture and access to high-quality 
coaching.  
 
3. Task constraints - include the goal of the task, rules of the game, equipment 
available and the relative state of the game. 
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Figure 8.1 - Newell's model of interacting constraints (1986), adapted to illustrate the 
resulting effects of perception and action on physical performance (adapted from Davids 
et al., 2003) 
 
The learning and development of complex multi-articular actions is influenced by the 
specific experiences of an individual under constraints present during practice (Seifert, 
Button, & Davids, 2013). The interaction within these constraints enables the athlete to 
seek and form a robust movement pattern during a goal directed activity. This is due to 
an ability to exploit the degrees of freedom (DoF) available, in order to achieve both 
functional and successful performance outcomes (Newell, et al., 2003; Renshaw et al., 
2010). Critically, and in contrast to more linear coaching approaches, it isn’t obligatory 
for the coach to inform the athlete about a theoretical ideal motor output, e.g. promoting 
a side on pelvis profile at BFC. Instead, from a CLA perspective, the coach is seen as a 
manipulator of constraints to influence, provoke and stimulate functional behaviour 
(Seifart & Davids, 2012). Athletes are then required to develop their capacity to perceive 
informational constraints and adapt their actions according the specific goals of the task 
(Balague, et al., 2013; Davids et al., 2008). As a result, the system self organizes (in 
accordance to the constraint in place), with functional behaviours and patterns of 
movement emerging; whilst actively engaging in ongoing dynamical transactions with 
their functionally defined environments (Seifert et al., 2017). 
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Whilst it is agreed that common mechanical strategies are observed across elite finger 
spin bowlers (Chapter 5; Chin et al., 200; Beach et al., 2017), questions are raised over 
the persistence of coaching a movement pattern towards which all developing performers 
should aspire (see Woolmer & Noakes, 2008). Conversely, it is suggested the process of 
‘self-organizing optimality’ captures how this organismic asymmetry may be avoided in 
coaching performance optimization (Davids & Araújo, 2010). For example, it is 
suggested that applying goal constraints (e.g. maximising the application of spin) early 
in the development phase of learning, may promote the exploration of multiple degrees 
of freedom (DoF) (Glazier & Davids, 2009), as goal constraints have been considered 
extraordinary in comparison with physical or technical constraints by regulating action if 
a specific performance outcome is intended (Davids et al., 2012). This is supported by 
Chapman (2015), who reported following four-weeks of constraints-based learning 
interventions, improvements in sub-elite wrist spin bowling performance (10.8% increase 
in ball spin rate), whereas the traditional, technically-focused approaches did not. 
Although to date only a single study has implemented this approach, this indicates that a 
CLA, specifically manipulating task constraints may be effective in the development of 
a spin bowler’s ability to spin the ball, however, warrants further investigation for elite 
finger spin bowling groups.  
 
8.5.2 Bowling dexterity 
 
Complex biological systems, such as the human body, are degenerate (Kelso, 2012). By 
harnessing the inherent neurobiological degeneracy, skilled performers are able to 
individually and functionally adapt their motor coordination patterns during 
performance, exhibiting degenerate behaviours (Seifart et al., 2016). As the athlete 
develops (or has the ability to call upon), various motor solutions for achieving the same 
outcome or function, in uncertain or new environments, are established. This develops 
the performers ability to achieve a task goal correctly, quickly, efficiently and with 
resourcefulness; a capacity that Bernstein (1967; 1996) termed ‘dexterity’. Conversely, a 
spin bowling action with no order cannot perform effectively, yet a system with too much 
order (high magnitudes of rigidity) may also fail to perform effectively in response to the 
changing task constraints or competition demands.  
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Given the high demands on international playing calendars (Higginson, 2018), in often 
hot and humid environments for extended durations (approx. 6 h/d), over successive days 
(Petersen et al., 2010) and on changeable pitch conditions (see James et al., 2005), it is 
proposed an ability to adapt rapidly to both the mode of the game and competition 
environment, has become increasingly important for the elite spin bowler. Recently, 
Crowther et al. (2018) advocated the requirement for spin bowler dexterity, 
demonstrating that environmental constraints i.e. the specific conditions of the pitch in 
test match cricket, may impact upon the tactics related to spin bowling delivery speed. 
To support this, the findings in chapter 7 have shown the quadratic relationship between 
ball speed and economy in test cricket (r = 0.850; Figure 7.5b), highlighting that skilled 
behaviour (i.e. minimising runs scored) in test match finger spin bowling require a 
capability to not only modulate ball speed to an optimum of 57 mph, whilst bowling an 
accurate bowling line and length, but also apply a long-axis rotation of the bowling arm 
to apply maximal spin. Whilst these reports demonstrate the impact of ball release speed 
on bowling performance in test match cricket, it is suggested coaches and support staff 
consider the practicalities in undertaking such complex bowling task demands, 
particularly given the linear trend observed between line and length variation (i.e. 
consistency) and increases in ball release speed (Figure 7.7a). 
 
These findings have important implications for the design of development programs and 
training environments, particularly ensuring that practice is representative of test match 
competition. The use of representative practice tasks and learning opportunities, ensure 
performance tests of bowling expertise are predicated on the key information sources and 
performance indicators, attributed in such performance contexts (Conner, Farrow & 
Renshaw, 2018). These are likely to be an important factor in helping to facilitate skill, 
accelerate adaptable behaviour and address factors such as goal orientations, confidence 
and performance anxiety (see Headrick et al., 2015). 
 
 
 
 
 
 
 135 
 
8.5.3 Representative practice design 
 
Ecological Dynamics proposes how training environments may be designed to provide 
athletes with opportunities to attune and calibrate their intentions (Pinder et al., 2011). 
Such learning designs can enhance athlete adaptation to the requirements of a competitive 
performance environment, ready to self-regulate their behaviours as a competitive event 
unfolds, whilst providing additional context to the evaluation of athlete performance.  
 
Performance analysis plays in key role in this design process by investigating elite 
competition behaviours and factors attuned to successful performance. This can enrich 
the understanding of athlete’s interactions with the environment during practice, 
revealing significant links between performance strategies, psychological states and 
tactics to apply (e.g. ball flight parameters in test cricket: Chapter 7) 
 
One restraint that coaches may struggle with is the application of this insight, due to a 
lack of appropriate facilities or technologies to accurately track ball flight. At the National 
Cricket Performance Centre in Loughborough, UK, access to such facilities e.g. an indoor 
Hawk-eye ball tracking system (Hawkeye innovations, Basingstoke, UK), is not such an 
issue. As such, it is proposed that there is an opportunity to develop a representative 
training environment based on creating learning opportunities, governed on the principles 
of Ecological Dynamics, that encourage self-organisation under bowling task constraints. 
It is aimed that adopting this theoretical framework to guide the analysis of the 
performance data previously reported in Chapter 7, moves cricket performance analysis 
beyond merely documenting discrete variables from isolated events within competition 
and into more impactful applied practice.  
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8.5.4 Exploratory spin-bowling task 
 
In the suggested activity, a task constraint is designed to facilitate the exploration and 
progression of elite finger spin bowling skill, with specific focus on the three bowling 
parameters most attributed to impact on finger spin bowling economy in test cricket i.e. 
bowling line, bowling length and ball release speed (see Chapter 7). Simulating these 
conditions allows practitioners to model task constraints to shape intentions, perceptions 
and actions influencing performance (MCcosker et al., 2019). This provides the learner 
with opportunities to explore a variety of task solutions (Davids et al., 2012), whilst the 
coach plays a passive role in the learning process, with an absence of coach directed skill 
development through corrective instruction. 
 
In this example, a bowler is tasked to bowl sixty deliveries (a bowling spell of ten overs) 
to an opposing batsman, under conditions closely aligned to match performance thus 
demonstrating representative task design and ecological validity. With the use of the 
Hawk-eye™ ball tracking system (Hawkeye innovations, Basingstoke, UK) and the 
Trackman doppler radar (Trackman A/S, Denmark), the bowler receives instant, visual 
feedback of a deliveries line, length, release speed and ball spin rate. Based on the 
quadratic regression equation (Table 7.2), a predictive bowling economy is calculated via 
a digital display (Figure 8.3). A coloured visual stimulus is provided to the bowler, 
representing whether predictive test match bowling economy of the current delivery is 
greater or lesser than the previous delivery. This enables the athlete to direct their own 
learning, with the feedback display permitting the learner to take responsibility for their 
own development. 
 
Driven by analysis undertaken in Chapter 7, the first step of the learning process to occur 
is the ‘education of intention’ (Fajen, Riley & Turvey, 2009). This initiates the 
exploration of the perceptual-motor workspace (Newell, 1989), whilst problem solving 
to seek an effective solution to the ‘economy problem’. This forms a functionally 
adaptive, goal-directed behaviour as the learner attempts to meet the demands of the 
bowling task. The bowler should be encouraged that, any increases in release velocity 
(') should not come at the detriment of spin rate (6), as deliveries with high rates of spin 
and released at high velocities exhibit greater "#	than those with lesser magnitudes of 6	and	'.  
 137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2 - An illustration of the representative practice environment employing 
Hawkeye ball tracking, Trackman doppler radar (TM) and visual feedback display 
 
The suggested training design provides an opportunity for integrating international match 
play performance analysis and the design of representative practice tasks. It is considered 
the exploitation of this task constraint may stimulate system ‘action dexterity’ (Bernstein, 
1967) in elite finger spin bowlers, whilst simulating the key performance requirements 
that exists in competitive test cricket performance. The use of the task-goal, that is 
purposely open ended, i.e. ‘minimise bowling economy’ or ‘solve the bowling economy 
problem’, may provide a unique opportunity to analyse how elite performers address their 
movement functionality, adapt to the task and go about solving the problem (Conner, 
Farrow & Renshaw, 2018).  
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8.6 Future directions 
 
Whilst there have been a number of studies describing how cricket coaches can utilise 
the theory of Ecological Dynamics into applied practice (e.g., Renshaw, et al., 2010; 
Renshaw, Davids & Savelsbergh, 2010; Renshaw & Holder, 2010), to date, with the 
exception of Chapman (2015), no studies have investigated its usefulness in enhancing 
the skills of spin bowlers. As such, future studies should consider a comparison for the 
effectiveness of traditional coaching and the CLA in the development of 1) emerging spin 
bowling talent, 2) established elite performers and 3) spin mode.  
 
The efficacy of a CLA in skill development must consider the stage of learning at which 
each participant is at and design interventions which challenge each participant 
appropriately. Whilst an Ecological Dynamics framework has been proposed to further 
develop spin bowling skill, the limitations for practically applying such a framework 
should be addressed appropriately. A risk in propositioning these suggestions, is that 
coaches may express the view that such ideas are ‘interesting’ however are too difficult 
to comprehend practically. This difficulty may lead coaches to question the value of the 
information presented and validity of knowledge content (Stoszkowski & Collins, 2016). 
It is therefore suggested the application of skill acquisition specialists who are trained in 
Ecological Dynamics work alongside coaching personnel, as challenging existing 
practice requires an aligned vision for change from researchers, coaches, support staff 
and coach educators alike (Cushion, 2013). This multi-disciplinary approach adds 
pragmatism to the process, avoiding the perception of innovative pedagogy as a ‘fad’ and 
attaching new rhetoric to old ideas. 
 
8.7 Conclusions 
 
This chapter has described key ideas from Ecological Dynamics that can frame the micro-
structure of practice, whilst challenging the application of traditional coaching practices 
which is prevalent in spin bowling coaching today. It propositions that coaches are 
designers of learning environments and that both learning, and performance 
improvements are seen as emerging from the interaction of key constraints (related to 
task, learner and environment). Taken together, the principles considered highlight the 
nature of change, emphasising that skill is developed not because of either a genetic 
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program or alignment to a desired movement model, but by a seamless interlacing of 
internal and external events in time.  
 
The traditional coaching model, whilst grounded in repetition to increase the automaticity 
of movement (Seifart & Davids., 2012), informs athletes on how to bowl spin, commonly 
with a desired movement pattern or template in mind and based on the experiential 
knowledge of the coach. It is argued this may promote much stability in the coaching 
process, leading to a reliance on non-specifying information sources and rigidity in task 
that may limit success in new conditions (Renshaw et al., 2009). Although spin bowling 
skill exhibits a necessity for some stable or repeatable characteristics, we have evidenced 
that skilled performers are not solely locked into rigidly stable solutions but are required 
modulate their behaviours to achieve consistent performance outcome goals (Davids et 
al., 2013).  
 
Ultimately, coaches are powerful figures in creating, developing and shaping the 
experience of the athlete (Townsend & Cushion, 2017). Adopting an Ecological 
Dynamics framework may provide spin bowling coaching with an understanding for how 
performer, task and environmental constraints shape an athlete’s individual performance. 
Embracing an athlete - centred style, harmonious to constraint-led coaching, coaches can 
base learning design on the needs of the individual and provide new roles for instruction, 
demonstration and feedback (Renshaw et al, 2012; Renshaw & Holder, 2010). Because 
the human movement system is degenerate, and the modern-day competition 
environment varied, spin bowling coaches need to provide a wide range of information 
sources by ‘affording opportunities to act’ (Araújo, Davids & Hristovski, 2006), 
achieving movement goals to manage both predictable and unpredictable changes in 
sports performance landscapes. It is desired these considerations aid talent development 
pathways and player selection procedures by examining how bowlers adapt to the 
requirements of test match cricket. 
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Chapter 9 
9 Summary and conclusions 
 
The purpose of this thesis was to analyse the factors affecting performance in elite finger 
spin bowling. This was formed in order to gain a fundamental understanding the 
interactions between which aspects of spin bowling technique and range of motion are 
associated with ball spin rate, as well as examine ball trajectory parameters in 
international test match cricket and the extent to which these parameters may impact 
match performance. The findings will aid coaching and support staff to further their 
understanding of elite finger spin bowling performance, both in developing and coaching 
finger spin bowlers to produce high magnitudes of spin on the ball and the performance 
benefits obtained when delivering the ball at specific bowling lines, length, release speeds 
and deviations angles off the pitch surface in test match cricket.  
 
This chapter aims to summarise the findings of each study with respect to the hypotheses 
developed in chapter 1 of this thesis. It will also make conclusions based on the results 
of each of these studies and make recommendations for future research. The methods 
used within the studies are also summarised with limitations and potential improvements 
identified.  
 
9.1 Data collection 
 
Full-body three-dimensional kinematics, passive joint range of motion and match play 
specific ball flight parameters were calculated to enable the analysis of elite finger spin 
bowling technique and delivery mechanics.  
 
Kinematic (300 Hz) data were collected for a group of 23 elite finger spin bowlers, using 
an 18 camera Vicon Motion Analysis System. Each bowler performed ten maximal spin 
rate deliveries. Spin rate was recorded using the Doppler radar system, Trackman 
(Trackman A/S, Denmark). In addition, ball trajectory data (340Hz) were collected using 
a Hawk-eye™ ball tracking system (Hawkeye innovations, Basingstoke, UK) for 36 elite 
finger spin bowlers competing in international test match cricket. Parameters were 
calculated describing elements of ball trajectory with the effect of these parameters on 
bowling average and economy addressed using analysis of variance (ANOVA) and linear 
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regression (ANOVA). As a necessity, three bowling participants were removed from 
further kinematic analysis. whilst twelve elite finger spin bowlers were removed from 
match play analysis as all either delivered or were suspected to deliver the ball with an 
elbow extension of >15º.  It was deemed that these bowlers may exhibit an unlawful 
advantage to apply spin to the ball (see Spratford et al., 2018).  
 
In order to apply spin, the finger spin bowler clamps the ball between index and middle 
finger of the bowling hand. Finger spin bowlers attempt to select a spread angle between 
these two fingers that achieves comfort and optimises performance (Fuss et al., 2018). 
During early stages of data collection, three spherical markers were placed on the ball 
(Figure 3.4), similar to the protocol used by Sakurai et al. (2006) and Chin et al. (2009). 
Markers were placed in locations that attempted to not impede the subject’s bowling 
action. In doing so, the ball release speed, ball rotation and the angle of the axis of rotation 
could be determined for each delivery following ball release. Although this process was 
deemed to be important, five participants subjectively fed-back on their inability to grip 
the ball appropriately and therefore were unable to apply maximal spin. As the Trackman 
doppler radar has been previously validated against 3D motion capture methods, 
reporting a typical error of less than 18 RPM (Chapman, 2015), it was deemed 
appropriate to use the Trackman doppler radar as to ensure participant comfort and  
confidence in applying maximal spin to the ball and therefore validity of data collection.  
 
Furthermore, as previously noted in Section 3.2.9, issues were found in the trajectories 
of the finger markers of the bowling hand, due to repeated issues of marker loss during 
data collection. This was due to the close proximity of both BHKNU and BHFIN markers 
and MIDKNU and MIDFIN markers, attempting to calculate the metacarpophalangeal 
joint centres of the index and middle finger of the bowling hand respectively. Whilst 
markers were placed either side of the joint centre (between the anterior and posterior 
side of the joint), the close proximity caused significant issues in clear tracking, thus 
forming large gaps in joint centre trajectories. Subsequently it was decided to remove 
these markers from further analysis. 
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9.2 Data processing 
 
The highest, maximum three spin rate trials, with minimal marker loss were identified 
for each bowler for inclusion in study 1. Although every effort was made to maximise 
the accuracy of the data collected, the dynamic nature of the finger spin bowling action 
meant inevitably there were some small gaps in the tracked marker positions. These gaps 
were negligible in duration and were subsequently gap filled using one of a selection of 
methods, depending on the specific situation (Section 3.6.2). 
 
When using marker-based capture systems, noise within the kinematic data collected is 
unavoidable. This commonly came in the form of soft tissue artefact as a product of 
wobbling masses. Although the finger spin bowling action is not as dynamic of the fast 
bowling action, all kinematic data were filtered using a recursive fourth-order 
Butterworth filter (low-pass) with a cut- off frequency of 30 Hz (Section 3.2.10) 
 
9.3 Data analysis  
 
In study 1, an intra-class correlation coefficient (ICC) of 0.91-0.99 (mean: 0.98) indicated 
a good between-trial repeatability for the kinematic parameters calculated (Section 5.5.3). 
Three trials were subsequently analysed and averaged for each parameter to provide 
representative data for each bowler (Worthington et al., 2013). Two-tailed Pearson’s 
product moment coefficient correlations were used whilst the effects of interactions 
between finger spin bowling technique and ball spin rate were assessed using stepwise 
linear regression.  
 
9.4 Limitations 
 
9.4.1 Research design 
 
The studies described in chapters 5, 6, 7 and Appendix A utilised a correlation and 
contrast approach research design. This approach formed associations between a 
performance criterion (ball spin rate, bowling average or bowling economy) and the 
underlying technical or performance parameters (independent variables) derived from a 
homogenous group of elite spin bowlers, formally examined using relationship statistics 
(e.g. Pearson’s product moment coefficient correlations, stepwise linear regression).  
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Whilst the majority of scientific investigations on spin bowling performance have used 
the correlation approach (e.g. Chapter 5; 6; 7; Chin et al., 2009; Beach et al., 2016; Beach 
et al., 2018; Spratford et al., 2016), in almost all of these studies, a single representative 
trail, or average of three best trails performed by each participant has typically been 
analysed. Despite the widespread use of cross-sectional, group-based research designs in 
performance-oriented sports biomechanics research, it’s use does have some limitations 
that restrict the application of their results in a practical context. Firstly, the strategy of 
pooling finger spin bowling performance parameter data to analyse mechanical 
tendencies may masks individual differences and nuances. By using pooled group data, 
all be it in elite groups, the focus is on establishing the ‘average’ response across elite 
finger spin bowlers, which has the effect of de-emphasising the individual bowler. 
Secondly, the results they yield cannot necessarily be extrapolated to specific individuals 
of the study sample or to the population that they purportedly represent.  
Although the relationships between finger spin bowling performance parameters are 
determinate, the manner in which the body segments interact to harvest such parameter 
values may be indeterminate and highly specific to the individual. The effect of these 
individual characteristics on the ability to achieve and sustain finger spin bowling 
performance may be useful for coaches when making decisions about the most 
appropriate intervention for an individual. Therefore, rather than analysing a single ‘best’ 
or ‘representative’ average trial for each athlete, an individual-based, theoretical 
approach may be appropriate (Glazier & Mehdizadeh, 2019). This may support greater 
insight on optimal finger spin bowling technique to produce higher spin rates and how 
optimal technique might vary from bowler to bowler (Yeadon & King, 2008). 
As highlighted in Chapter 8, the drive to succeed in match play means that finger spin 
bowlers are increasingly being challenged constantly to adapt. It was propositioned that 
with the adequate manipulation of task constraints, innovative and meaningful 
behaviours may emerge (Hristovski et al., 2011; Phillips et al., 2010). From this 
perspective, a more substantial emphasis needs to be placed on understanding how each 
individual performer assembles unique performance solutions in satisfying the range of 
personal, task and environmental constraints impinging upon him/her at any moment in 
time. Clearly, the experimental approach of averaging data across participants and trials 
to study athletic behaviour can mask the relatively unique movement solutions created 
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by different individuals to satisfy immediate constraints on performance (Davids & 
Araújo, 2010, Davids et al., 2008)). Forming a holistic, idiographic (individual-based), 
process-oriented approach advocated appears to be well-suited to investigate these 
behaviours, thus forming a theoretical framework to aid the understanding of spin 
bowling performance (Glazier & Wheat, 2014). 
9.5 Future directions 
 
The two laboratory and one experimental study undertaken, investigating kinematic 
parameters, passive joint range of motion and ball flight trajectory parameters, aimed to 
further the understanding of factors affecting performance in elite finger spin bowlers. 
Chapter five examined the kinematic factors associated with ball spin rate in elite finger 
spin bowlers, whilst chapter six identified rotational passive range of motion of the hips 
and shoulders and their relationship with ball spin rate. Chapter seven investigated test 
match specific finger spin bowling performance, by examining ball trajectory parameters 
and the extent to which these parameters may impacted in bowling average and economy. 
Finally, chapter eight drew on key findings in chapters 5 through 7, discussing the 
application of these findings into applied coaching practice in which to improve elite 
finger spin bowling performance within the match play arena with the use of a 
constraints-based learning framework.  
 
The purpose of laboratory studies 1 and 2 (Chapter five and six) was to investigate the 
kinematic factors and passive joint range of motion (PROM) associated with ball spin 
rate in elite finger spin bowlers. With the use of correlation and stepwise linear regression 
analysis, this enabled the identification of both technical and PROM variables that best 
explained the variance in ball spin rate. The key findings from study 1 were the 
contribution of the pelvis to ball spin rate, more specifically a mid-way pelvis orientation 
at FFC allowing the shoulders to counter rotate towards side-on and maximising the 
pelvis-separation angle at FFC. These findings were closely aligned to the key outcomes 
of study 2, with the total arc of rotation of the front hip found to be the best predictor of 
ball spin rate whilst internal rotation of the rear hip and the bowling shoulder were 
associated with spin rate. Side to side differences were also observed with greater external 
rotation and lesser internal rotation in the bowling shoulder, and greater internal rotation 
in the front hip. Collectively, the findings of studies 1 and 2, suggest the action and 
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passive range of motion of pelvis, are a key mechanical contributor to applying high 
magnitudes of spin the cricket ball. It is suggested that future research investigate both 
joint range of motion and strength-based interventions aimed at increasing the 
musculature responsible for pelvis rotation and torso in an attempt to improve the ball 
spin rate. The future inclusion additional joint range of motion be examined including 
flexion and extension, and abduction and adduction, range of motion’s are necessary to 
complete the understanding of these joint’s role in elite finger spin bowling technique.  
The purpose of Chapter seven was to examine ball trajectory parameters in international 
test match cricket and the extent to which these parameters may impact bowling 
performance using liner regression. Quadratic relationships were observed for bowling 
length, bowing line and release velocity, predicting 54.4% of the variance for bowling 
economy in test match cricket. Deliveries deviating away from the opposing batsman 
conceded less runs and took more wickets, suggesting a performance advantage for elite 
finger spin bowlers with this ability. No parameters were predictive of bowling average; 
therefore, it is plausible other factors may be associated with a bowler’s ability to take 
wickets at a low run cost. These may include the context of the game, the ability or 
pressure applied on the opposing batsman and playing conditions; all of which were 
outside the scope of this study and warrant further investigation in future studies. 
Finally, the purpose of Chapter eight was to discuss present day system dilemmas to 
developing elite finger spin bowling skill. Traditional, linear coaching methods were 
critiqued, with an alternate theoretical skill development principle explored, suggesting 
how an Ecological Dynamics paradigm may be applied, using a constraints-based 
learning approach within the development process and acquisition of expertise in finger 
spin bowling. The key findings in study 1, (an observed mid-way pelvis orientation at 
FFC allowing the shoulders to counter rotate towards side-on and maximising the pelvis-
separation angle at FFC) signifies that current traditional forms of coaching instruction 
i.e. instructing the pelvis and shoulders to rotate from a side-on position during the 
delivery stride, may be outdated and in need of review. As such, to develop coaching 
philosophy, it is proposed bowlers be encouraged to explore movement solutions to 
meeting the task demand (i.e.maximizing high magnitudes of spin) using a constraints-
based learning approach and representative practice design, as highlighted in Section 
8.5.4. It is recommended future studies explore that coaching interventions and 
 146 
 
philosophies aimed at improving performance impacting parameters such as ball spin 
rate, ball release speed and therefore "#. In doing so it is encouraged a comparison for 
the effectiveness of traditional coaching and constraints-led approaches in the finger spin 
bowling skill development be undertaken for both emerging spin bowling talent, 
established elite performers and spin mode. 
9.6 Further considerations 
 
9.6.1 Finger spin bowling performance – legality trade off 
 
While it is important to understand of implications of bowling with an illegal action, it 
is especially important for finger spin bowlers, as between the instance of UAH and 
BR, the centripetal forces that act along the long axis of the bowling arm place the 
elbow joint into extension (Wixted et al., 2011) 
 
Spratford et al. (2018) recently highlighted a performance benefit to bowlers utilising the 
15º elbow extension, recommending finger spin bowlers should endeavour to make use 
of the 15° threshold by bowling at levels close to allowable legal limit. However, for 
coaches and bowlers seeking to reduce elbow extension between UAH and BR, it was 
recommended bowlers should aim to be more side-on at BFC and continue to rotate their 
trunk through to BR. This in theory may reduce the dependence on elbow flexion and 
supination, reducing overall levels of elbow extension and illegal questioning. These 
recommendations contradict the findings observed in chapter 5 which observed 
significant positive correlations between pelvis orientations at BFC and FFC and ball 
spin rate. At present, the published literature illustrates a mixed message to the coaching 
community. It is suggested that future research investigate how to utilise elbow extension 
within the legal limits whilst equally utilising a bowling action that maximises the pelvis-
separation angle at FFC. Ultimately, the spin bowling coaching community needs to 
move to safe space by which coaches do not fear coaching instruction with a sole purpose 
on improving aspects associated with performance (e.g. ball spin rate) verse safety (e.g. 
promoting side-on bowling profiles). 
 
9.6.2 :; performance metric 
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It has been well established that the finger spin bowlers are assessed on their capability 
to regulate the deflection of the ball’s trajectory during flight, as well as ball deviation 
off the pitch surface (Justham et al., 2010; 2008; Woolmer & Noakes, 2008, Spratford et 
al., 2017). This however is not optimally achieved by bowling a delivery with high 
magnitudes of spin or a high release speed in isolation, but rather a culmination of both 
parameters in unison (Section 2.6.2). 
 
Both parameters and the ratio between them have previously been reported as 
performance level discriminators between elite and high-performance finger spin bowlers 
(e.g. Chin et al., 2009; Justham et al., 2008; Spratford et al., 2017). Spratford et al.., 
(2017) reported significant differences between ball velocity (') and spin rate (6), 
between pathway and elite finger spin cohorts. Significant differences were also reported 
for the ‘velocity/revolution index’, calculated using the equation 9.1: 
 < = (' + 	6) +	'>6  
          (9.1) 
Where  < = ratio between ball spin rate and ball release speed 
 ' =	ball release velocity (m.s-1) 
 6 =	spin rate (rads-1) 
 
In light of the observations of Spratford et al., 2017 and the reported findings associating 
ball release speed to finger spin bowling performance (see section 7.6.3), it is proposed 
the use of  "# be introduced as a process performance metric in which to assess elite 
finger spin bowling performance, as opposed to assessing ball sped and spin rate in 
isolation.  
 
The utilisation of  "# as a performance metric may allow talent identification personal, 
coaches and bowlers alike to better understand the potential impact on performance, 
through the deflection of ball trajectory, both vertically and horizontally.  
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9.6.3 Disparity in release speed between elite professional and international 
finger spin bowlers 
 
In addition, whilst some studies have examined elite finger spin bowling performance 
previously (Table 2.1), to date no analysis has been undertaken examining ball release 
speeds of elite finger spin bowlers in and out of international test cricket. Understandably, 
access to ball trajectory data in non-international professional domestic cricket is scarce, 
due to the expense of Hawkeye ball tracking systems. Therefore, to approach this, further 
analysis was undertaken examining the difference in release speeds competing in 
international test cricket and those elite finger spin bowlers examined in non-match 
specific conditions i.e. the laboratory or purpose-built cricket facility (see Table 2.1). 
Findings suggest a meaningful difference in mean ball release speeds (∆	= 	13.76%	), 
between elite finger spin bowlers competing in international test cricket (52.12 ± 1.39 
mph; Figure 9.1), and those assessed in laboratory conditions (44.95 ± 1.12 mph; t (3) = 
-12.855, p = 0.001). This is further exemplified by ball release speeds observed in study 
1 for those who had previously competed or were currently competing in test cricket at 
the time of data collection (n = 4; 53.34 ± 1.31 mph). It is proposed that his may be due 
to two discernible factors; the first concerning the validity of the testing environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1 - Mean ± S.D. of ball release speed for elite finger spin bowlers assessed in 
laboratory conditions (n = 6 studies), test-match conditions (n = 3 studies) and 
international finger spin bowlers in study 1 (n = 4 bowlers) 
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Elliott & Bartlett (2006) recommends a spin bowler should produce similar speed and 
spin rates to those observed under match conditions. The laboratory environment must 
also replicate the match environment (e.g. run-up length, full length pitch) within a 
laboratory setting. Whilst the finger spin bowling deliveries reported in Chapter 5 may 
not entirely reflect those delivered in match conditions due to the laboratory environment, 
data were collected in a purpose-built cricket facility. The ecological validity of the 
testing space was therefore fully considered prior to data collection and testing conditions 
formed appropriately the closely align to match conditions (Section 3.1).  
On the date of each collection period, the bowlers participating were considered to be of 
‘elite standard’, as each participant was either member of the England men’s senior, A or 
U19 cricket team, or a currently competing in professional first-class county cricket, 
whilst being identified by the ECB spin bowling national coach as having the potential 
to play international cricket within the next 5 years (section 3.1.2). The national lead spin 
bowling coach also who was present for all data collection sessions confirmed that 
deliveries bowled were truly representative of match performance. 
 
Given the detailed precautionary measures undertaken to ensure high ecological validity 
within the testing environment, results observed in Chapter 5 suggest that, whilst research 
has shown that ball release speed acts as a performance level discriminator between elite 
and high-performance finger spin bowlers (see Spratford et al., 2018; Chin et al., 2009), 
ball release speed also acts a as performance level discriminator between ‘elite’ and 
international test match finger spin bowlers.  
 
Although this warrants further investigation, these initial findings highlight the difference 
in release mechanics between those competing within international test match cricket and 
professional domestic or under 19 finger spin bowlers.  
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9.7 Research questions 
 
The research questions posed in Chapter 1 were addressed in detail in Chapters 5 – 8. 
The research questions are restated below, and the results summarised. 
 
1. Which technical attributes are associated with high spin rates in elite finger spin 
bowlers? 
 
Previous biomechanical investigations into the technique parameters associated with spin 
rates are limited, particularly within elite populations. The results of the study in chapter 
5 suggest that higher spin rates may be achieved by using a finger spin bowling technique 
where the pelvis orientation is more open than previously recommended. The best 
individual predictor of ball spin rate was the pelvis orientation at the instant of ball 
release, explaining 43.1% of the variation in ball spin rate. This indicates the bowlers 
with the highest spin rates formed a pelvis orientation which was more open at front foot 
contact, towards mid-way (225°) allowing a larger pelvis-shoulder separation angle and 
a shoulder orientation short of side-on at FFC, which then rotated past front-on (>270°) 
at ball release.  
 
2. What is the effect of current coaching instruction on ball spin rate in elite finger 
spin bowlers?  
Previously published coaching literature has suggested that optimal technique for a finger 
spin bowler is one where the pelvis and shoulders rotate from a side-on position during 
the delivery stride, to front-on at ball release (Woolmer & Noakes, 2008).  To achieve 
this, athletes are instructed to place the rear foot parallel to the bowling crease, with the 
orientation of the pelvis side-on to the target. The pelvis and shoulder orientation should 
remain side-on at FFC.  The pelvis should then be rotated about a braced front leg by 
driving the rear thigh forwards (Brayshaw, 1978; Woolmer & Noakes, 2008).  The 
rotation of the shoulders should follow before finally the movements of the forearm and 
wrist, which are also considered of particular importance (Woolmer & Noakes, 2008).  
Results in chapter 5 and 6 contradict previously published coaching literature, suggesting 
that elite finger spin bowlers who adhered to a side-on action or counter-rotated the pelvis 
< 180°, were unable to meet a mid-way pelvis orientation at front foot contact and rotate 
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past front on (>270°) at ball release. This inability restricts the ability for the pelvis to 
rotate optimally and therefore nullifies the bowler’s ability to maximize the contribution 
of the pelvis and elastic energy return of the thorax. It is suggested in Chapter 8, how a 
constraint-based learning approach may be beneficial approach in which to guide 
learning, particularly pelvis mechanics, through the manipulation of task constraints to 
allow the emergence of individual solutions through self-organising processes. It is 
suggested these considerations be reviewed to account for these new findings.  
 
3. What is the effect of passive range of motion on ball spin rate in elite finger spin 
bowlers? 
 
Although descriptive hip and shoulder passive range of motion data exists for cricket and 
a range of overarm throws or striking skills, the relationship between passive hip and 
shoulder range of motion measures and performance remains relatively unknown. The 
results of the study in chapter 6 suggest that the total arc of rotation of the non-dominant 
hip (front leg) was to only predictor of ball spin rate in elite finger spin bowlers, 
explaining 26% of the observed variance, whilst the internal rotation of the dominant hip 
(back leg) and passive range of motion of the bowling shoulder were also correlated to 
spin rate. Bilateral differences were observed with greater external rotation and lesser 
internal rotation in the bowling shoulder, and greater internal rotation in the front hip. 
This supports previously published literature in baseball pitching, suggesting that to 
achieve the optimal movement pattern of the pelvis during the finger spin bowling action 
requires sufficient internal range of motion of the dominant hip (back leg) and total arc 
of rotation range of motion of the non-dominant hip (front leg).  The observed side to 
side differences may indicate that due to the repetitive nature of finger spin bowling, 
adaptive changes in the rotational range of motion of the hip and shoulder occur.  
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4. Does release velocity affect performance for elite finger spin bowlers in test 
match cricket? 
 
Results in chapter 7 observed a significant effect for bowling economy as a function of 
release velocity. The significant quadratic relationship between release velocity and 
bowling economy indicate that bowlers conceding the least runs, released the ball at 
higher ball release speeds up to 57 mph. In addition to consistency of line and length, a 
spin bowler needs to rely on deception in ball flight through the generation of Magnus 
force ("#) to maximise both lateral and vertical deflection. Although ball spin rates were 
unobtainable in match play, these findings support the understanding that higher 
magnitudes of "# constrain batting performance as "# is proportional to ball release 
speed and spin rate. It is proposed ball release speed and "# be viewed with greater 
importance in which to 1) minimise runs conceded and 2) increase drift, drop and bounce 
characteristics. 
 
5. Does the amount of deviation off the pitch surface affect performance in test 
match cricket? 
 
Results in chapter 7 indicated a significant effect for bowling average as a function of 
deviation angle, confirming the angle of ball deviation as key determinant to wicket 
taking performance for elite finger bowlers playing test match cricket. Deliveries with 
small degrees of deviation e.g. ± 2°, form the lowest bowling average. When delivered 
at optimal ball release speeds i.e. 56 – 57 mph and pitched in line with the stumps, it is 
suggested that the ball only needs to deviate 2.2° in order to miss or take the edge of the 
opposing batsman’s bat if playing down the line of its original flight trajectory; a 
transverse distance of 0.092m over 2.5m. This may be enough to permit the batter to play 
down the wrong line of its perceived trajectory as the batsman may be unable to adjust 
accordingly and intercept the deviating delivery, due to a very low visual motor delay. In 
turn, those deliveries deviating at greater angles may have a heightened probability of 
missing the opposing stumps over the remaining distance the ball is yet to travel.  
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9.8 Future studies 
 
Additional research questions that are prompted by the work in this thesis include: 
 
• What is the effect of changing individual aspects of bowling technique on the ball 
spin rate for an individual bowler? 
• What are the effects of finger spin bowling performance when utilising "# as a 
goal constraint performance measure, as opposed to spin rate in isolation? 
• What are the effects of constraints-based learning approach on "# in elite finger 
spin bowlers?  
• What are the factors affecting performance in One-Day and T20 cricket for elite 
finger spin bowlers? 
 
9.9 Summary 
 
The aims of the thesis were to analyse the factors affecting performance in elite finger 
spin bowling, in particular how aspects of elite finger spin bowing technique and range 
of motion affect ball spin rate and which aspects of ball flight and trajectory parameters 
affect performance within international test match cricket. Full-body three-dimensional 
kinematics, passive joint range of motion and match play specific ball flight parameters 
were calculated to enable the analysis of elite finger spin bowling technique and delivery 
mechanics. 
 
It was determined that those bowlers imparting the most spin utilised a finger spin 
bowling technique where the pelvis orientation was more open at front foot contact than 
previously recommended in previously published coaching literature. This allowed the 
shoulders to counter-rotate, maximise pelvis-shoulder separation and complete the action 
with the pelvis past front on. Those bowlers producing the highest magnitudes of spin on 
the ball also exhibited greater back foot and front foot orientations, shoulder orientation 
at ball release, and pelvis-shoulder separation angle at front foot contact.  
 
In support of these findings, results suggest that bowler’s indicative of imparting the most 
spin had an increased total arc of rotation of the non-dominant hip (the front leg), an 
increased internal rotation of the dominant hip (the back leg) and passive range of motion 
 154 
 
of the bowling shoulder. Side to side differences were also observed at the shoulder with 
more external rotation PROM and less internal rotation PROM in the bowling arm. 
Collectively, this suggests that the performance of an elite finger spin bowler i.e. their 
ability to produce high magnitudes of spin on the ball, may be limited by the action of 
the pelvis during delivery and the passive range of motion of both the hips and shoulders. 
 
Within international test match competition, significant effects were observed for 
bowling economy as a function of ball release speed, bowling line, bowling length and 
incidence angle. Elite finger spin bowlers conceding the least runs released the ball at 
higher ball release speeds (up to 57.0 mph), bowled straight bowling lines (± 0.15m) and 
delivered the ball 4 – 5m in length from the opposing batsman stumps. Notably, 
significant effects were observed as a function of deviation angle, indicating that 
deliveries deviating away from the opposing batsman concede fewer runs and take more 
wickets, when compared to deviating toward to the opposing batsman.  
 
In light of these findings, whilst it is agreed that common mechanical strategies are 
observed across elite finger spin bowlers, questions have been raised over coaching 
instruction to developing elite spin bowling skill, particularly with reference to applying 
high magnitudes of spin. As such, it has been proposed that Ecological Dynamics, a 
theory focusing on the performer-environment relationship, may provide a framework 
for how spin bowling skill development may be enriched, as functional patterns of 
coordinated behaviour and skill emerge through a process of self-organization from an 
athlete’s interactions under specific task and environmental constraints. These 
propositions provide athletes with opportunities to explore, attune and calibrate their 
intentions rather than meeting a technical, idealistic movement pattern dictated by 
coaching instruction. 
 
It is desired that the insight developed within this thesis has improved the knowledge 
base of elite finger spin bowling performance, as well as stimulating thought on how 
this new knowledge may be applied practically within coaching practice. 
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Appendix A - Kinematic factors contributing to the production of spin in elite 
wrist spin bowling  
 
Abstract 
 
It is well documented that the application of high rates of spin to the ball are attributed to 
success in elite wrist spin bowling.  The aim of this study was to identify the key 
kinematic factors that contribute to the production of spin in elite male wrist spin bowling.  
Kinematic data were collected for ten elite male wrist spin bowlers with twenty-two 
kinematic parameters calculated.  Stepwise linear regression and Pearson product 
moment correlations were used to identify kinematic parameters linked to spin rate.  
Shoulder rotation from back foot contact to ball release (r = -0.837, p < 0.001) and 
shoulder orientation at ball release (r = -0.875, p < 0.001) were found to be the biggest 
predictors of spin rate, with shoulder rotation from back foot contact to ball release 
individually predicting 81% of the observed variance in spin rate. Other kinematic 
parameters correlated with spin rate included: shoulder orientation at follow through (r = 
-0.660, p = 0.038), shoulder rotation from back foot contact to follow through (r = -0.666, 
p = 0.036), pelvis orientation at ball release (r = -0.665, p = 0.036), pelvis rotation from 
back foot contact to follow through (r = -0.644, p = 0.044) and pelvis-shoulder separation  
at ball release (r = 0.589, p = 0.037. The bowlers imparting the most spin adopted a wrist 
spin bowling technique which minimised rotation of the thorax, forming a semi open 
shoulder orientation at BR. The findings from this study can provide a template of 
kinematic parameters and understanding that are important for the successful coaching 
and performance of wrist spin bowling.  
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Introduction 
 
Spin bowlers are categorised as either finger or wrist spin bowlers; based on the distal 
portion of the bowling arm responsible for imparting revolutions on the ball (Spratford 
et al., 2018). The wrist spin bowler holds ball in the fingers of the hand whilst applying 
anticlockwise revolutions (right handed) to the ball with the seam directed laterally to the 
off-side (to the right of a right-handed batsman), releasing with spin imparted 
perpendicular to the direction of flight (Justham et al., 2010). The lateral and vertical 
deflection during the flight phase is a product of the wrist spinners ability to apply 
Magnus force to the ball by manipulating the balls spin axis, release speed and most 
importantly, the rate of spin (Mehta, 1985; Robinson & Robinson, 2013; 2016).  
 
Although previous investigations have examined spin bowling (e.g. Chapter 5;6;7; Chin 
et al., 2009; Beach et al., 2018; Lloyd et al., 2000; Justham et al., 2013; Cork et al., 2013; 
Spratford & Davison, 2010; Spratford et al., 2018), only one study has attempted to 
address which aspects of the wrist spin bowling technique determine the production of 
spin, although for sub-elite wrist spin bowlers. In a study addressing the magnitude and 
temporal order of segment angular velocities, Beach et al., (2018) reported the that time 
of maximum rear hip flexion and maximum arm circumduction velocity significantly 
explained variance in ball spin rate. Wrist spin bowlers were observed to utilize a 
throwing-type action (Morriss & Bartlett, 1996), which is dependent on creating an 
increase in the pelvis-shoulder separation maximum velocity. It was also reported that 
the increases in bowling arm speed were believed to be essential in utilising the 
supinating technique involved in wrist spin bowling, compared with the pronating 
technique of finger-spin bowling.  
 
Other studies have addressed key differences in three-dimensional ball kinematics 
between finger and wrist spin bowling modalities inclusive of ball release velocity, spin 
rate, and orientation of the spin axis and seam (Spratford et al., 2017), whilst others have 
examined the fundamental mechanical differences between finger and wrist-spin 
techniques (e.g. Beach et al., 2016). Beach et al (2016) proposed several variances 
accounting for the higher spin rates by wrist-spin bowlers, when compared to finger spin 
bowlers, including a significantly larger stride length, a lower release height, smaller rear 
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knee flexion, larger elbow flexion, higher approach velocities and opposing direction of 
forearm rotation (Woolmer & Noakes, 2008).  
 
Although key differences have been observed between both finger and wrist spin bowling 
modalities, generally a common set of technical coaching instructions have been 
encouraged (Woolmer & Noakes, 2008). This involves a side-on pelvis and shoulder 
alignment, rotating through 180o from a position sideways to the target area, exhibiting a 
slightly closed front foot alignment and a rear foot alignment parallel to the crease. The 
pelvis and shoulder orientation should remain side-on at FFC and then be rotated about a 
braced front leg by driving the rear thigh forwards (Brayshaw, 1978; Woolmer & Noakes, 
2008).  The rotation of the pelvis and shoulders should follow to a front on orientation, 
before finally the movements of the forearm and wrist, which are also considered of 
particular importance (Woolmer & Noakes, 2008).   
 
It has been well documented that high rates of spin are attributed to success in elite spin 
bowling, however to date, no studies have addressed the interactions between technical 
variables and their significance to producing high magnitudes of spin in elite wrist spin 
bowling.  The investigation will assess those aspects of spin bowling technique which 1) 
best characterize those imparting the greatest magnitudes of spin and 2) the mechanisms 
by which wrist spin bowlers generate spin.  
 
Methodology 
Data collection 
 
Ten elite male finger spin bowlers (mean ± SD: age 22.2 ± 8.4 years; height 1.76 ± 0.04 
m; body mass 75.9 ± 6.9 kg) participated in the study. All bowlers were identified as 
“elite finger spin bowlers” by the England and Wales Cricket Board (ECB) spin bowling 
national coach.  Each bowler was either a member of the England men’s senior, A or U19 
cricket team, or a current professional first-class county player and identified by the ECB 
spin bowling national coach as having the potential to play international cricket within 
the next 5 years.  All bowlers were deemed fit to bowl by their County or National Team 
Physiotherapist.  The testing procedures were explained to each bowler and informed 
consent was obtained in accordance with the guidelines of the Loughborough University 
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Ethical Advisory Committee (Appendix C).  All bowlers conducted a thorough self-
selected warm-up before data collection.   
 
Fifty-six 14 mm retro-reflective markers were attached to each bowler positioned over 
bony landmarks.  Ten maximal spin rate deliveries of a good length were recorded using 
an 18 camera (MX13) Vicon Motion Analysis System (OMG Plc, Oxford, UK) operating 
at 300 Hz on a standard length indoor artificial cricket pitch, where bowlers were able to 
use their full run-up.  A static trial was performed for each bowler allowing body segment 
lengths and a neutral spine position to be calculated (Ranson et al., 2008).  Ninety-five 
anthropometric measurements were also taken enabling subject-specific segmental 
inertia parameters to be determined for each bowler using the mathematical model of 
Yeadon (1990)(Appendix D).  Spin rate was recorded using the Doppler radar system, 
Trackman (Trackman A/S, Denmark). 
 
Data processing 
 
Three bowling trials for each bowler (maximum spin rate deliveries with minimal marker 
loss) were manually labelled and processed within Vicon’s software (OMG Plc, Oxford, 
UK).  The marker trajectories were then filtered using a recursive fourth-order low-pass 
Butterworth filter with a cut-off frequency of 30 Hz (Robertson & Dowling, 2003).  The 
key instants of back foot contact (BFC), front foot contact (FFC), ball release (BR) and 
follow through (FT) were identified using the motions of the markers throughout the 
action.  BFC was defined as the first frame in which the back-foot’s motion was visually 
observed to change due to contact with the ground during the delivery stride.  FFC 
corresponded to the first frame in which the forefoot made contact with the ground.  BR 
was identified using the time history of the distance between the ball and the wrist joint 
centre.  The frame corresponding to ball release was defined as the first frame in which 
this distance increased by more than 20 mm relative to the distance in the previous image 
(Worthington et al., 2013). Three-dimensional joint centre time histories for the ankle, 
knee, shoulder, elbow, and wrist joint centres were calculated from the pair of markers 
placed across each joint, positioned such that their midpoint coincided with the joint 
centre (Worthington et al., 2013).  The hip joint centre time histories were calculated 
from markers placed over the left and right anterior superior iliac spine and the left and 
right posterior superior iliac spine (Davis et al., 1991).  The endpoints of the lower and 
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upper trunk segments were defined using the four markers on the pelvis in addition to 
markers placed over the cephalad and caudad ends of the sternum as well as the spinous 
processes of L1, T10 and C7 (Roosen, 2007). 
 
Local reference frames were defined comprising a three-dimensional full-body 18-
segment representation of a bowler (head and neck; upper trunk; lower trunk; pelvis; 2 × 
arm; 2 × lower-arm; 2 × hand; 2 × upper-leg 2 × lower-leg; and 2 × two-segment foot).  
Reference frames were defined using three markers on the segment itself, allowing 
segment orientations and joint angles to be calculated.  The z-axis pointed upwards along 
the longitudinal axis of the segment; the x-axis pointed toward the bowler’s right with 
the y-axis pointing forward.  Similarly, a global coordinate system was defined with the 
y-axis pointing down the wicket, toward the batsman, the x-axis pointing to the right and 
the z-axis representing the upwards vertical.  Joint angles were calculated as Cardan 
angles, defined as a parent-child coordinate system.  This defines the rotation applied to 
the parent coordinate system (proximal segment) to bring it into coincidence with the 
coordinate system of the child segment (distal segment).  Rotation angles were calculated 
using an xyz sequence, corresponding to flexion-extension, abduction-adduction, and 
longitudinal rotation, respectively (Worthington et al., 2013).  
 
Twenty-six kinematic parameters were calculated for each bowling trial, defining key 
instances of spin bowling technique (Table 2). Run-up velocity (in the global y-direction) 
was calculated as the mean mass centre velocity over a period of 18 frames (0.060 s) 
immediately before the instant of BFC and the orientation of the shoulders and pelvis 
were calculated by projecting their respective joint centres onto the transverse plane 
(Worthington et al., 2013).  All orientations for both left and right-handed bowlers were 
expressed using definitions based on a right-handed bowler.  A bowler facing directly 
down the wicket (front-on) was defined to have a shoulder and pelvis orientation angle 
of 270°, a side-on position corresponded to an orientation angle of 180° (Figure 3.7).  The 
pelvis-shoulder separation angle was calculated by subtracting the pelvis orientation 
angle from the shoulder orientation angle.  The orientations of the front and back foot 
were also calculated in the transverse plane. A foot pointing directly down the wicket 
was defined to have a foot orientation angle of 360°, and a foot position parallel to the 
stumps corresponded to an orientation angle of 270° (Figure 3.7). The data for the 
bowler’s stride length and release height were normalised to a percentage of the bowler’s 
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standing height. All statistical analyses were performed within SPSS v.23 (SPSS 
Corporation, USA).  The variation observed in each technique parameter calculated 
(including spin rate) was assessed using an analysis of variance (ANOVA).  The between-
trial standard deviations of the observations ranged from 2.2% to 8.9% (mean: 3.6%) of 
the between-bowler variation for the parameters calculated in this study.  This 
corresponded to an intra-class correlation coefficient (ICC) of 0.95-0.99 (mean: 0.98) 
which indicates good between-trial repeatability for the kinematic parameters calculated.  
Consequently, the three trials analysed were averaged for each parameter to provide 
representative data for each bowler (Worthington et al., 2013).  Correlations between 
each kinematic (independent) variables and ball spin rate (dependent variable) were 
assessed using Pearson product moment correlation analyses.  An alpha value of 0.05 
was used to determine significance; however, due to the exploratory nature of the study, 
variables with alpha values up to 0.1 were noted in the Results and Discussion.  
 
To identify the key kinematic parameters which best explain the variation in spin rate, 
the parameters which were significantly correlated to spin rate were entered as 
“candidate” variables in a forwards stepwise linear regression model.  The entry 
requirement for the inclusion of a parameter into the regression equation was P < 0.05 
with a removal coefficient of P > 0.10.  Similarly, the regression model was rejected if 
the coefficient 95% confidence intervals included zero, the residuals of the predictor were 
heteroscedastic or if the bivariate correlations, tolerance statistics or variance inflation 
factors showed any evidence of multicollinearity (Bowerman & O’Connell, 1990; Draper 
& Smith; 1998; Field, 2013; Menard, 1995; Myers, 1990).  The normality of the 
standardised residuals in the regression model was also confirmed via a Shapiro-Wilk 
test.  The percentage of variance in the dependent variable (spin rate) explained by the 
kinematic (independent) variables in the regression equation was determined by 
Wherry’s (1931) adjusted R2-value.  This represents an attempt to estimate the proportion 
of variance that would be explained by the model had it been derived from the population 
(elite finger spin bowlers) from which the sample was taken.  To overcome the potential 
limitations of stepwise regressions relying on a single best model, the explained variance 
for all possible regression equations with the same number of predictor variables as the 
stepwise solution was determined for comparison.  
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Results 
 
The ten elite wrist spin bowlers produced ball spin rates ranging from 1791 - 2553 rpm 
(2209 ± 232 rpm) along with ball release speeds in the range of 19.11 - 21.76 m·s-1 (21.33 
± 1.14m·s–1). Two of the twenty-six kinematic parameters were found to be linearly 
correlated with spin rate (Table 2) and put forwards as “candidate” variables for entry 
into the linear regression.  A further five parameters were found to be correlated to spin 
rate with alpha values of less than 0.1 (Table 2). 
 
The “candidate” variables were investigated initially for multicollinearity using bivariate 
correlations.  All other significant correlations between candidate variables were below 
the 0.80 threshold and therefore it was deemed appropriate to enter them into the forwards 
stepwise linear regression (Field, 2013). Stepwise linear regression revealed that the best 
individual predictor of ball spin rate was shoulder rotation from BFC – BR explaining 
80.8% of the variation of spin rate in elite male wrist spin bowlers may (Figure 1; Table 
1). A shoulder rotation below 45° from BFC to BR was indicative of those spin bowlers 
imparting the highest magnitudes of spin, ranging from 0.1 – 83.4° (45.3 ± 23.7o, Table 
2). These bowlers produced less pelvic and thoracic rotation between BFC and BR with 
a shoulder alignment at BR below 270o (where 270o denotes chest on to the opposing 
batsman at this instance). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Predicted spin rate against actual spin rate for shoulder rotation from BFC – 
BR stepwise regression equation 
80.8% of the variance 
explained by Shoulder 
rotation BFC - BR 
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Table 1 - Stepwise linear regression equation (P < .05) for ball spin rate 
 
Table 2 - Range, mean ± S.D. and bivariate correlation (P < .05) to ball spin rate of the 
twenty-six technique parameters 
** Correlation to spin rate significant at the 0.05 level, * Correlation to spin rate significant at the 0.1 
level. Abbreviations: back foot contact (BFC); front foot contact (FFC); ball release (BR), follow through 
(FT), upper arm horizontal (UAH) 
    95% confidence intervals  
model kinematic parameters coefficient p lower bound upper bound percentage explained 
1 
shoulder rotation  
-8.21 0.002 -12.21 -4.21 80.8% 
BFC - BR (°) 
Abbreviations: back foot contact (BFC); ball release (BR) 
kinematic parameter range mean ± S.D. r P 
ball velocity (m.s-1) 19.11 – 21.76 20.4 ± 1 -0.231 .520 
run up velocity (m.s-1) 1.72 – 3.69 2.85 ± 0.57 -0.512 .130 
delivery stride length (m) 0.74 – 1.03 0.92 ± 0.80 -0.422 .224 
back foot orientation at BFC (°)  270 - 317 293.7 ± 16.1 0.168 .643 
front foot orientation at BR (°)  320 - 359 340.1 ± 11.9 -0.211 .559 
pelvis orientation at BFC (°)  196 - 233 211.7 ± 10.4 -0.127 .728 
pelvis orientation at FFC (°) 193 - 212 202.54 ± 6.6 0.365 .300 
pelvis orientation at BR (°) 223 - 283 255.8 ± 16.3 -.644* .044 
pelvis orientation at FT (°) 306 - 347 323.6 ± 15.7 -0.537 .110 
minimum pelvis orientation BFC-BR (°)  163 - 198 185.6 ± 10.6 0.152 .675 
pelvis rotation from BFC to BR (°) 6.7 - 66.1 44.1 ± 16.3 -0.563 .090 
pelvis rotation from BFC to FT (°) 95 - 128 111.8 ± 10.7 -.665* .036 
shoulder orientation at BFC (°)  206 - 240 224.5 ± 10.8 0.149 .681 
shoulder orientation at FFC (°)  165 - 199 184.2 ± 10.7 0.469 .171 
shoulder orientation at BR (°) 237 - 305 269.8 ± 20.8 -.875** .001 
shoulder orientation at FT (°) 300 - 357 327.8 ± 22.1 -.660* .038 
minimum shoulder orientation BFC-BR (°)  162 - 196 180.9 ± 9.9 0.358 .310 
shoulder rotation from BFC to BR (°) 0.1 - 83.4 45.3 ± 23.7 -.837** .003 
shoulder rotation from BFC to FT (°) 60 - 135 103.2 ± 24.2 -.666* .036 
front knee flexion at BR (°) 0.8 – 33.3 16.5 ± 12.2 0.069 .850 
elbow extension UAH - BR (°)  0 - 15 4.6 ± 5.3 -0.157 .710 
elbow hyperextension UAH - BR (°)  0 - 20 2.7 ± 6.9 0.331 .423 
pelvis-shoulder separation at BFC (°) -33 - 11 -12.8 ± 12.6 -.232 .519 
pelvis-shoulder separation at FFC (°) 7 - 29 29.4 ± 18.4 -.400 .252 
pelvis-shoulder separation at BR (°) -39 - 3 -14.0 ± 13.2 .589* .037 
normalised release height (% of stature) 0.20 – 0.26 0.23 ± 0.21  -0.366 .298 
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Discussion 
 
This study sought to investigate the kinematic contributors that best explain the variance 
in spin rate among elite male wrist spin bowlers with the use of Pearson product moment 
correlation analysis and stepwise linear regression. The results of this investigation 
suggest 80.8% of the variation in spin rate may be explained using a single technical 
parameter; the range of shoulder rotation from BFC to BR.  
The greatest individual predictor for spin rate was shoulder rotation from BFC to BR, 
explaining 80.8% of the variance in ball spin rate, whilst a significant negative correlation 
was observed for shoulder orientation at BR. These findings suggest that bowlers 
imparting the most spin formed a ‘mid-way’ shoulder orientation at ball release (>220 o), 
rotating the shoulders from BFC to BR between 0 - 45o. Spratford. (2015) previously 
reported that elite wrist spin bowlers exhibited lower pelvis and thorax forward rotation 
displacements at BR when compared to pathway bowlers, delivering the ball with both 
the pelvis and thorax aligned and in a ‘less front-on’ orientation. Higher peak shoulder 
internal rotation moments, shoulder internal rotation and extension moments at BR were 
also reported.  
Given the reported reliance on shoulder internal rotation and the fact that wrist spin 
bowlers, in comparison with finger spin bowlers, must rely on manipulating the shoulder 
in order to get the body to the appropriate BR position, these findings suggest that a ‘mid-
way’ shoulder orientation at BR (>220o) may place the shoulder in an advantageous joint 
position from which to exert a large shoulder internal rotation moment about the shoulder 
joint. This may enable the bowling arm to effectively rotate the shoulder internally 
between UAH and BR and increase the longitudinal rotations of the bowling arm to apply 
maximal spin. This supports the findings of Beach et al. (2018) who reported wrist spin 
bowlers arm circumduction velocity accounted for variation in ball spin rate, concluding 
that bowling arm speed is essential to the supinating technique involved in wrist spin 
bowling techniques. 
Manipulating the shoulder to the suitable BR position in theory enables a wrist spin 
bowler to release the ball with lower axis and seam azimuth angles, causing the ball to 
have greater drift and dip (Spratford, 2015; Mehta, 1985; Robinson & Robinson, 2013). 
This assists in stabilising the seam of the ball in flight and at bounce, which have been 
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reported to affect the magnitude of side-spin when the ball contacts the pitch (Woolmer 
& Noakes, 2008). In theory, to do so, wrist spin bowlers are required to deviate from a 
high release position (as observed in finger spin bowling), to a lower release position 
(Beach et al., 2016; Chin et al., 2009); either by elongating the delivery stride i.e. 
lowering the center of mass or lowering the bowling arm (Beach et al., 2016). Whilst 
release height was normalized as percentage of bowler stature, no correlation with spin 
rate was observed in the current study.  
The evidence that elite wrist spin bowlers use pelvis-shoulder separation at BR to 
generate higher spin rates (at an alpha value of 0.1), suggests that wrist spin bowling is 
an action in which the segmental rotations occur sequentially (Bartlett, 2007). This 
supports the findings the Beach et al., (2018), who observed wrist spin bowlers utilising 
a throwing-type actions; dependent on separation angle kinematics to produce higher 
velocity. Furthermore, at the instance of BR, pelvis orientation was negatively correlated 
to spin rate with an alpha value less than 0.1. This is in contrast to previously published 
coaching literature (e.g. Woolmer & Noakes, 2008), recommending the pelvis rotate from 
side-on during the delivery stride to front-on at ball release for all spin bowlers, regardless 
of bowling modality. In contrast to elite finger spin bowlers imparting high magnitudes 
of spin, (who form a mid-way pelvis orientation (225°) at FFC and then rotated past front-
on (>270°) at BR; Table 5.2), it is speculated that adopting a pelvis orientation beyond 
front-on is likely to leave the body in a position where it is very difficult for the bowling 
arm to exert a high internal moment at the bowling shoulder, whilst directing the delivery 
toward the opposing batsman. These findings demonstrate that the mechanistic 
underpinning for applying spin differ between elite finger and wrist spin bowlers and 
should therefore be coached accordingly, as opposed to the previously reported generic 
model of coaching spin bowling advocated by Woolmer & Noakes (2008).  
 
Wrist spin bowlers approach the crease using a self-directed run up. Bowlers approached 
the bowling crease at 2.85 ± 0.57 m.s-1, similar to those reported by Beach et al (2016) 
(2.8 ± 0.3 m.s-1), however somewhat quicker than elite finger spin bowlers, 2.53 ± 0.48 
m.s-1 (Table 5.1). Comparing the kinematics of both finger and wrist spin bowlers, Beach 
et al., (2016) proposed the disparity in approach velocity i.e. the faster run-up of wrist-
spin bowlers, meant that the kinetic energy is higher, forming a higher percentage of the 
kinetic energy transferred to rotational kinetic energy along the kinetic chain. This was 
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suggested to be a characteristic which may contribute to higher rates of spin verse finger 
spin bowlers. Although this theory seems theoretically sound, the current study observed 
no relationship between approach velocity and ball spin rate in elite male wrist spin 
bowlers. 
 
The delivery stride begins with the instance of back foot contact (BFC). During the back-
foot contact phase, no significant correlations were observed between the orientation of 
the back foot and ball spin rate, with back-foot orientation forming in an internally rotated 
position at BFC. Comparatively, elite finger spin bowlers have been observed to enter 
the delivery stride with slightly open back foot and pelvis orientation at BFC (Table 5.1). 
This was determined to be indicative of those bowlers imparting high magnitudes of spin 
as this allows the pelvis to adopt a ‘more-open’ position (Table 5.2). These findings 
demonstrate that although comparable back foot and pelvis orientations were observed at 
BFC to elite finger spin bowlers, these were not indicative of those imparting the most 
spin in elite wrist spin bowlers.  
 
Bowling actions, whether pace or spin, are classified in terms of pelvis and shoulder 
alignment at BFC and/or the presence of counter-rotation (Ferdinands, et al., 2010). 
Comparatively to Beach et al. (2016), bowlers adopted a semi-open shoulder orientation 
at BFC (224.5 ± 10.8°) and counter-rotated the shoulders in excess of 40°; indicative of 
a ‘mixed bowling action’. This indicates that elite wrist spin bowlers counter-rotate the 
pelvis and shoulders from a semi-open orientation at BFC to a side on orientation later in 
the bowling action. These reports are conflicting to a widely understood coaching 
instruction, recommending that wrist spin bowlers’ approach BFC with the body aligned 
side-on (or 180o).  The back foot at BFC is also advised to be parallel to the bowling 
crease as this is thought to assist hip and shoulder rotation during the delivery stride 
(Woolmer & Noakes, 2008). Deviation away from the side-on action is therefore 
becoming more common in elite spin bowling modalities and does not only seem to affect 
ball performance outcomes in either bowling modality (Glazier & Wheat, 2014) but also 
may be advised to improve mechanisms associated to elite performance i.e. high rates of 
spin.  
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A significant limitation of the study were the low numbers of elite participants eligible 
and available to undertake analysis. The study aimed to determine factors contributing to 
spin rate in elite wrist spin bowlers, a group of which are limited in numbers within the 
United Kingdom, if not worldwide. The high variance explained from stepwise 
regression equations should therefore be taken with caution, with future studies looking 
to expand on this work, utilising greater participant numbers. Secondly, the study limited 
its analysis to a single component of wrist spin bowling performance, i.e. spin rate. Other 
factors are observed to be discriminators of elite wrist spin bowling, such as isokinetic 
strength and anthropometric measures (Spratford, 2015) and ball mechanics (Spratford 
et al., 2017). To gain a rounded understanding of elite wrist spin bowling performance, 
future research is required to determine which ball flight parameters govern the greatest 
significance to performance in within match play.  
 
Conclusions 
 
In this study, 80.8% of variation in ball spin rate explained by shoulder rotation between 
BFC – BR suggests the key aspects of technique have been identified for groups of elite 
wrist spin bowlers. The results suggest that elite wrist bowlers produce higher spin rates 
by using a wrist spin bowling technique which minimised rotation of the thorax and 
forming a semi open shoulder orientation at BR. This was proposed to permit the bowling 
shoulder to be placed in a range in which to exert a high internal moment about the joint, 
allowing the bowling arm to effectively rotate the shoulder internally and increase the 
longitudinal rotations of the upper arm and forearm to impart maximal spin. Given these 
findings, it is recommended that strength and conditioning aimed at improving the 
shoulder musculature be applied. The results of this investigation are likely to be useful 
in developing spin, identifying talent as well as further coaching philosophy of wrist spin 
bowlers. 
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Appendix B – Career match bowling statistics  
 
 
Career test match bowling statistics of the finger spin bowlers investigated in study 3 (n = 34) 
 
Bowler 
ID Nationality 
Date of 
birth 
Bowling 
Style Matches Innings Balls Runs Wickets 
Average 
(runs) 
Economy 
(runs) 
Strike Rate 
(runs) 
1 SL 11/03/1985 ROB 19 31 4730 2434 70 34.77 3.08 67.5 
2 ENG 19/03/1973 SLA 54 88 12180 5806 143 40.6 2.86 85.1 
3 AUS 04/10/1983 SLA 2 4 504 248 2 124 2.95 252 
4 NZL 25/04/1980 SLA 5 9 1518 646 12 53.83 2.55 126.5 
5 NZL 27/01/1979 SLA 113 187 28814 12441 362 34.36 2.59 79.5 
6 AUS 14/10/1988 ROB 3 4 342 271 7 38.71 4.75 48.8 
7 ENG 24/03/1979 ROB 60 109 15349 7642 255 29.96 2.98 60.1 
8 ENG 27/02/1982 ROB 2 4 786 321 11 29.18 2.45 71.4 
9 AUS 14/01/1983 ROB 2 4 743 562 13 43.23 4.53 57.1 
10 NZL 07/05/1980 ROB 24 42 5833 3078 65 47.35 3.16 89.7 
11 BAN 04/02/1986 ROB 43 61 3339 1907 41 46.51 3.42 81.4 
12 AUS 28/07/1979 ROB 21 19 1258 591 14 42.21 2.81 89 
13 AUS 02/04/1981 SLA 115 65 2435 1184 31 38.19 2.91 78.5 
14 AUS 09/06/1984 SLA 2 3 406 178 3 59.33 2.63 135.3 
15 ENG 19/06/1987 ROB 55 97 10136 6104 163 37.44 3.61 62.1 
16 BAN 31/12/1986 ROB 8 14 574 303 1 303 3.16 574 
17 WI 16/08/1983 ROB 18 25 1503 713 24 29.7 2.84 62.6 
18 AUS 18/10/1981 ROB 17 33 4200 2204 63 34.98 3.14 66.6 
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19 AUS 20/10/1987 ROB 54 104 12239 6410 195 32.87 3.14 62.7 
20 SA 02/10/1978 SLA 37 63 8809 3901 103 37.87 2.65 85.5 
21 IND 05/09/1986 SLA 24 48 7633 3420 113 30.26 2.68 67.5 
22 SL 19/03/1978 SLA 67 122 19124 8873 297 29.87 2.78 64.3 
23 IND 17/09/1986 ROB 32 59 9224 4470 176 25.39 2.9 52.4 
24 IND 06/12/1988 SLA 16 29 4269 1616 68 23.76 2.27 62.7 
25 ZIM 12/06/1976 SLA 22 35 6135 2885 80 36.06 2.82 76.6 
26 SL 30/06/1969 SLA 110 140 8188 3366 98 34.34 2.46 83.5 
27 ENG 10/05/1989 SLA 1 1 48 53 0 - 6.62 - 
28 WI 22/07/1981 SLA 26 42 7321 3402 87 39.1 2.78 84.1 
29 SL 30/01/1985 ROB 12 21 3146 1613 43 37.51 3.07 73.1 
30 IND 27/11/1986 ROB 18 22 1041 603 13 46.38 3.47 80 
31 SL 05/08/1993 ROB 7 14 1658 1105 25 44.2 3.99 66.3 
32 SL 14/10/1976 ROB 87 76 3385 1711 39 43.87 3.03 86.7 
33 AUS 22/11/1982 SLA 4 6 918 548 7 78.28 3.58 131.1 
34 PAK 10/12/1978 SLA 15 28 4478 2129 54 39.42 2.85 82.9 
 
Abbreviations - SLA = slow left arm; ROB = right arm off break bowler; SL = Sri Lanka; IND = India; ENG = England; WI = West Indies; PAK = Pakistan; ZIM = 
Zimbabwe; Ban = Bangladesh; AUS = Australia; NZL = New Zealand; SA = South Africa 
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Appendix C – Informed consent 
 
DATA ACQUISITION FOR THE ANALYSIS OF HUMAN 
MOVEMENTS  
 
LAY SUMMARY 
 
This study comprises a biomechanical analysis of human movement. This analysis 
requires kinematic (how you are moving) data of the bowling action and also a number 
of movements that determine the range of motion of the back and shoulders.  
 
The data of actual human movements are required to give detailed information about the 
current techniques used. The data collected will then be used to understand and explain 
techniques currently used, determine the contributions of different techniques to 
performance and injury as well as to optimise performance. 
 
The kinematic data will be obtained in a number of different ways: 
 
• Video and cinematographic recordings. 
• Automatic displacement acquisition system. This is similar to being videoed 
but reflective markers will be taped to you and only their image recorded.  
• Joint angle measurements using a goniometer.  
 
The subject-specific parameters may be obtained from: 
 
• Anthropometric measurements. Measuring certain arm condition(s) (such as 
‘straight’ and ‘fully flexed’) with the automatic motion capture or through 
the use of a goniometer. 
 
Data will be acquired in the ECB National Cricket Centre at Loughborough University. 
The data collection session will last no longer than two hours, with the subject actively 
involved for only a fraction of the total time: 
 
• Actual performance of movements: 30 minutes 
• Anthropometric measurements:  30 minutes 
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The study in which you have been invited to participate will involve a biomechanical 
analysis of your bowling action. The study will involve you being videoed, using a 
number of different cameras, as you bowl and carry out a number of motions which 
give a measure of the range of motion of your back and shoulders.  
 
It may be necessary to shave certain areas of your body to attach monitoring equipment 
using adhesive tape. The data collected will be used to help increase our understanding 
of the mechanics of human movements. 
 
You will perform the data collection in a suitable environment. The risk of injury during 
the data collection will be minimal since we will only ask you to perform movements 
with which you are familiar and comfortable. It is considered that no increased risks, 
discomforts or distresses are likely to result from the data collection of human 
movements above those associated with the normal performance of those movements. 
 
The information obtained from the study will be collected and stored in adherence with 
the Data Protection Act. Whilst certain personal and training information will be 
required, you will be allocated a reference number to ensure that your identity and 
personal details will remain confidential. Video recordings will be stored in the video 
analysis room to which access is restricted to members of the biomechanics research 
team. The video images will be digitised and only the numerical values will be used in 
published work, not the images themselves. On occasion video images may be required. 
In such and instance we will seek your written permission to use such images and you 
are perfectly free to decline. Video recordings will be kept for three years after 
publication of the study. If you agree to take part in the study, you are free to withdraw 
from the study at any stage, with or without having to give any reasons. A contact name 
and phone number will be provided to you for use if you have any queries about any part 
of your participation in the study.  
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PRE-SELECTION MEDICAL QUESTIONNAIRE 
 
LOUGHBOROUGH UNIVERSITY 
DEPARTMENT OF PHYSICAL EDUCATION, SPORTS SCIENCE AND  
RECREATION MANAGEMENT 
 
Please read through this questionnaire, BUT DO NOT ANSWER ANY OF THE 
QUESTIONS YET. When you have read right through, there may be questions you 
would prefer not to answer. Assistance will be provided if you require it to discuss any 
questions on this form.   In this case please tick the box labelled “I wish to withdraw” 
immediately below. Also tick the box labelled “I wish to withdraw” if there is any other 
reason for you not to take part. 
tick 
appropriate 
box 
 
If you are happy to answer the questions posed below, please proceed. Your answers will 
be treated in the strictest confidence. 
 
1. Are you at present recovering from any illness or operation? YES/NO* 
 
2. Are you suffering from or have you suffered from or received medical  
treatment for any of the following conditions? 
  
a. Heart or circulation condition 
 YES/NO* 
b. High blood pressure 
 YES/NO* 
I wish to withdraw
I am happy to answer the questionnaire
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c. Any orthopaedic problems 
 YES/NO* 
d. Any muscular problems 
 YES/NO* 
e. Asthma or bronchial complaints 
 YES/NO* 
3. Are you currently taking any medication that may affect your  
 YES/NO* 
participation in the study? 
 
4. Are you recovering from any injury? 
 YES/NO* 
 
5. Are you epileptic? 
 YES/NO* 
 
6. Are you diabetic? 
 YES/NO* 
 
7.  Are you allergic to sticking plasters? 
 YES/NO* 
 
8. Do you have any other allergies? If yes, please give details below 
 YES/NO* 
……………………………………………………………………………………
…….………………………………………………………………………………
…………….… 
 ……………………………………………………………………………………
…….… 
 
9. Are you aware of any other condition or complaint that may be affected by 
participation in this study?  If so, please state below; 
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……………………………………………………………………………………
…….………………………………………………………………………………
…………….… 
……………………………………………………………………………………
…….………………………………………………………………………………
………………. 
 
* Delete as appropriate 
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INFORMED CONSENT FORM (SUBJECTS) 
 
PURPOSE 
To obtain kinematic data during human movements 
 
PROCEDURES 
The kinematic data of human movements will be obtained using: 
• Video and cinematographic recordings  
• Automatic displacement acquisition system 
• Joint angle measurements using a goniometer 
ACTIVITIES 
• Bowling 
• Range of motion trials 
 
During the measurements two researchers will be present, at least one of whom will be 
of the same sex as you. 
 
QUESTIONS 
The researchers will be pleased to answer any questions you may have at any time. 
 
WITHDRAWAL 
You are free to withdraw from the study at any stage, with or without having to give any 
reasons. 
 
CONFIDENTIALITY 
Your identity will remain confidential in any material resulting from this work. Video 
recordings will be stored in the video analysis room to which access is restricted to 
members of the biomechanics research team. The video images will be digitised and only 
the numerical values will be used in published work, not the images themselves. On 
occasion video images may be required. In such and instance we will seek your written 
permission to use such images and you are perfectly free to decline. Video recordings 
will be kept for three years after publication of the study. 
I have read the outline of the procedures which are involved in this study, and I 
understand what will be required by me. I have had the opportunity to ask for further 
information and for clarification of the demands of each of the procedures and 
understand what is entailed. I am aware that I have the right to withdraw from the study 
at any time with no obligation to give reasons for my decision. As far as I am aware I do 
not have any injury or infirmity which would be affected by the procedures outlined.  
 
Name ………………………………………… 
Signed ………………………………………… (subject) Date 
…………………………… 
In the presence of: 
Name ………………………………………… 
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Appendix D – Anthropometric measurements 
 
ANTHROPOMETRIC MEASUREMENTS FOR SEGMENTAL INERTIA 
PARAMETERS 
TORSO 
Level hip umbilicus ribcage nipple shoulder neck  nose ear top 
Length 0      0    
Perimeter           
Width       Depth   
 
LEFT ARM 
Level shoulder midarm elbow forearm wrist  thumb knuckle nails 
Length 0     0    
Perimeter          
Width          
 
RIGHT ARM 
Level shoulder midarm elbow forearm wrist  thumb knuckle nails 
Length 0     0    
Perimeter          
Width          
 
LEFT LEG 
Level hip crotch midthigh knee calf ankle  heel arch ball nails 
Length 0      0     
Perimeter            
Width            
Depth          
 
RIGHT LEG 
Level hip crotch midthigh knee calf ankle  heel arch ball nails 
Length 0      0     
Perimeter            
Width            
Depth          
 
Height (m)      Mass (Kg)      
